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Ranking tasks are a type of interactive formative assessment. They allow students 
to explore a concept by ranking similar situations for a specified variable, preferably 
without computation of that variable. I created two sets of introductory astronomy 
ranking tasks: the first connects the Hertzsprung–Russell (HR) diagram and the Stephan-
Boltzmann luminosity equation; the second uses the transit method (TM) to rank 
exoplanets by comparing the depth, duration, and frequency of transits. 
These tasks are designed within the constructivist pedagogical framework. They 
require students to call upon their own relevant schema to establish an assessment rule by 
which to rank the tasks. Any new information encountered in the tasks, background, or 
feedback must be actively assimilated or accommodated as students construct mental 
models of the luminosity relationship, and the nature of transiting exoplanets.  
Data-driven decision making is at the heart of a good curriculum design process.  
I evaluated students’ use of the ranking tasks through the think-aloud method, in which 
students verbalize, without interpreting, their cognitive processes. This data then directed 
the improvement of the tasks and the fit of the cognitive model of physics problem-
solving to the process of ranking. These ranking tasks are published online at 
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Teaching is both an art and a science.  
The artistry of teaching is evident when a teacher’s genuine enthusiasm for a 
subject is transmitted to the students; when a teacher is able to read the confusion or 
understanding in the faces of their students; and in deftly guiding a class to moments of 
discovery.  
The science of teaching is in learning how to make data-driven decisions. To be 
effective educators or educational content designers, we must learn how to utilize current 
research and the scientific method to make data-driven decisions consistent with the 
principles of human cognition.  
This project fits well within the current emphasis of the UNL Astronomy 
Education Group. We have a strong commitment to developing educational tools that 
implement interactive pedagogies and transformative educational technologies. Large 
numbers of introductory astronomy instructors access the freely available materials on 
https://astro.un.edu (1.85 million hits in 2017 measured by Google Analytics). We are 
now moving in the direction of smartphone driven technologies for use in university 
astronomy courses; the ranking tasks created in this project will further this effort. The 
UNL Astronomy Education Group is also working to develop simulations optimized for 
the smartphone environment.  
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This thesis presents the theoretical foundation for, the development of, and the 
cognitive evaluation of two novel ranking task sets for use in introductory astronomy 
courses. We specifically value the transformative nature of online randomized ranking 
tasks, which were made using the UNL Astronomy Interactives Editor. This NASA- 
funded editor was underutilized and an additional project motivation was to demonstrate 
the power of the editor and encourage further usage. The tasks I created aim to teach and 
evaluate students on their understanding of the transit method (TM) which is used to 
identify exoplanets; and of the relationships between temperature, radius and luminosity 
for stars through Hertzsprung-Russell (HR) diagrams.  
In chapter 2 I establish the pedagogical framework within the context of 
astronomy education. Chapter 3 discusses astronomy curriculum design in general and 
ranking tasks in particular. Chapter 4 describes how the think-aloud method can be used 
to evaluate students’ cognitive processes. Chapter 5 uses the theories and ideas discussed 
in chapters 2, 3 and 4 to establish the methodology. Within this chapter, my basic ranking 
task set design is set forth, a cognitive model is developed and an evaluation method is 
established. Chapters 6 and 7 present the HR and TM tasks’ design and development.  
 In Chapters 8 and 9, I evaluate the student interview protocols for both ranking 
task sets; using this data I evaluate student cognitive processes’ and the tasks themselves. 
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Project Scope 
 
I developed two sets of ranking tasks for use in introductory astronomy courses, 
and then evaluated student use of them through think-aloud interviews. Through the 
interviews, I identified improvements that could be made in the ranking tasks, and made 
observations about how learning occurs while using ranking tasks.  
Particular attention was paid to why students ranked the tasks the way they did. 
Through the coding of interviews, I determined whether the students understood the 
relationships presented in the ranking tasks or if they used pattern matching get the right 
answer without understanding the concept. I also noted whether students use comparative 
reasoning or computation when applicable. 
I present two finished sets of ranking tasks. The Hertzsprung–Russell (HR) 
diagram set features eight tasks asking students to interpret an HR diagram and two tasks 
that ask them to rank luminosity or radius based on stellar characteristics without a 
diagram. The second set focuses on the Transit Method (TM) of detecting and studying 
exoplanets. In this set of eight tasks, students see transiting planets presented in four 
different representations and are asked to rank a variety of different characteristics about 
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Ranking Task Definition 
 
Ranking tasks are exercises in which students rank different physical situations or 
objects on the basis of a specified quantity or criteria. This is usually done by providing 
icons that represent each situation or a larger central graphic where locations are labeled 
to indicate each of the individual objects represented. Because of the use of similar icons, 
ranking can be done by comparison, rather than finding a way to calculate the specific 




My research focused on three areas: students’ cognitive processes, design of 




1.1 How do students think through ranking tasks and how is that process comparable to 
solving more traditional physics and astronomy questions?  
 
General Ranking Task Design 
2.1 In what ways can ranking tasks support students’ understanding of scientific content 
within the context of a class? 
   5 
2.2 How do students utilize scaffolding such as background information pages, re-asking 
the same question with different icons, and the use of multiple representations? 
 
HR Diagram and Transit Method Ranking Task Sets 
3.1 What improvements would make these ranking task sets more effective?  
3.2 Are these introductory astronomy students able to “place” a star on the HR diagram?  
3.3 Can these students define the term “ingress,” which was used in the tasks but not in 
their class lecture or their class text?  
  
   6 
CHAPTER 2 
CONCEPTUAL FRAMEWORK AND LITERATURE REVIEW 
 
Learning is an active process. It has been shown repeatedly in the educational 
literature that substantial learning does not occur as students listen passively to lecture, 




“An important restriction of education is that teachers cannot simply transmit 
knowledge to students, but students need to actively construct knowledge in their 
own minds. That is, they discover and transform information, check new 
information against old, and revise rules when they do not longer apply (Bada and 
Olusegun, 2015, p.66).” 
 According to constructivist theory, learning occurs as learners have experiences 
and then through reflection on those experiences actively construct knowledge on the 
foundation of their previous understanding. Constructivism is foundationally built on the 
work of Piaget (1953) who while studying the development of his own three children, 
noted that children have mental representations or schema of how the world around them 
works. They continually add to and refine their schemas through the processes of 
accommodation and assimilation. He noted that each child has their own unique 
understanding of the world built from their own experiences, which is continually 
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evolving. Piaget defined assimilation as the process of fitting new information into 
existing cognitive schemas, perceptions, and understanding. When new information is 
assimilated, overall beliefs and understanding of the world do not change. If existing 
schema needed to be revised to accept new information Piaget would say that this 
information was learned through the process of accommodation. When learning is 
primarily done through assimilation and a learner is not revising their schema, merely 
adding to them, it can be said that a learner is in the state of equilibrium. Equilibration 
drives the learning process as students do not like to be in a state of confusion or 
frustration in which they have knowledge that does not fit into their schema and they are 
forced to make accommodations (Piaget, 1964). 
While Piaget’s work focused on the cognitive development of children, his 
theories on how learning occurs are generally applicable to all education. To be 
consistent with constructivist thought, learning materials need to allow students to call 
upon their own relevant schema. And the setting needs to foster authentic exploration of 
the new information through the framework of their schema. This contextual setting is 
important because students construct knowledge in ways that coherent and useful to them 
(Sinatra & Pintrich, 2003). Guidelines about how constructivist ideals are best used to 
teach students are summarized in the National Research Council’s How People Learn 
(2000) and their more recent guidebook Reaching Students (2015). Constructivist 
learning activities cannot just present students with information and expect them to 
internalize it, because students may attempt to incorporate facts that do not fit or connect 
in any way with their own internal models for concepts. Rather, these activities need to 
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intentionally call upon students to bring forth their relevant schema and ask them to 
integrate external information within the students’ personal mental models. Constructivist 
activities are specifically designed to move learners beyond misconceptions and distorted 
models, to make logical connections between what they already know and what is being 




Students are not blank slates; they have preconceived perceptions of physics and 
astronomy before the first day of class. These are often closely held and students may 
retain misconceptions even after being taught contradicting information. This is famously 
demonstrated in “A Private Universe” (Sadler, Schneps, and Woll, 1987).” Indeed “If 
their initial understanding is not engaged, they may fail to grasp the new concepts and 
information that they are taught, or they may learn them for the purposes of a test but 
then revert to their misconceptions outside the classroom (National Research Council, 
2000, p 10).”  
The pedagogical model “elicit-confront-resolve” has students draw forward their 
own mental models in order to elicit confrontation of their current schema with the data 
they are collecting. “Elicit-confront-resolve” is far more effective at resolving student 
misconceptions than traditional instruction. Learning activities based on this model must 
either be open-ended enough to draw out students’ misconceptions or targeted at common 
student misconceptions (McDermott, 1991).  
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Within this constructivist framework I accept the Smith, DiSessa, and Roschelle 
(1994) characterization of students’ prior conceptions as “resources for cognitive 
growth,” which can be used by teachers to help students build resilient metal schema, as 
in the “elicit-confront-resolve” model. I also emphasize that student knowledge is 
“refined” and “reorganized” more than “replaced.”  
As such, it is important that I have an idea of what student misconceptions may be 
to drawn them out to better help students accommodate new information. Airey and 
Eriksson (2019) have studied how novices and experts look at the Hertzsprung–Russell 
(HR) diagram and what information these two populations can discern through a series of 
open-ended and multiple-choice questions. One novice misconception they detected is 
that students “use the everyday heuristic where red is hot and blue is cold. Unfortunately, 
this misconception would appear to be ‘confirmed’ by the colors on the H-R diagram 
where red is to the right.” There is also the heuristic that students associate “alive is warm 
and dead is cold” such that they incorrectly expect white dwarfs to be cooler than the 
main sequence star from which they form. Several other misconceptions about the HR 
diagram include: stars move along the main sequence; larger stars have longer lifetimes; 
the HR diagram is a photograph of a stellar phenomenon (Brogt, 2009); and that less 
luminous stars are farther from Earth (Comins, 1998). When looking at the transit method 
the primary misconception that students seem to have is that astronomers observe a dot of 
a planet transiting a star, when in reality all of the stars are so distant they appear to be 
point particles (Newbury, 2011).  
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The active process of getting an answer wrong because it does not fit prior 
misconceptions and existing schema can lead to a confused (disequilibrated) state. 
However, the desire for a student to re-equilibrate can be a powerful tool to motivate the 




The manner in which learners acquire knowledge under schema theory is very 
similar to Piaget’s constructivist theory. As described by Rumelhart (1976), there are 
three different possible ways that new information can be incorporated into the learner’s 
mental model; accretion, tuning and restructuring. 
Through accretion, a learner takes in new information and incorporates it into 
their existing schema without having to change their prior knowledge or beliefs. 
Rumelhart considers this “normal” learning, and it fits well within Piaget’s definition of 
assimilation.  
Tuning occurs when the new knowledge cannot be incorporated without 
modifying their current ideas in some way. Rumelhart considers this a more significant 
type of learning because students are then able to better sort or better understand 
knowledge that was already incorporated into their schema.  
When tuning is insufficient to incorporate new knowledge into their existing 
understanding, learners restructure their mental framework so as to create a new schema 
addressing the inconsistencies between the old schema and the newly acquired 
   11 
information. However, many students will try to discount data that is anomalous to their 
current schema rather than incorporate it. Chinn and Brewer describe seven different 
reactions that students have to anomalous data and only one of them is a true theory 
change or restructuring of schema (Chinn and Brewer, 1993). Such restructuring 
necessarily takes active effort from students because they need recognize the 
contradictions, accept the anomalous data and then reinterpret information they had 
already accepted so as to build new knowledge. This type of knowledge construction is 
the most impactful (Rumelhart, 1976; McDermott, 1991; Smith, DiSessa, and Roschelle, 
1994). 
As students approach a ranking task they come with their own set of knowledge 
they use to make the original ranking; then based on the task feedback they can either 
have confirmation that their schema helped them solve the task or they come up with 
what the answer ought to have been which may then call for accretion, tuning or 
reconstruction of the relevant schema. Students who got the question incorrect the first 
time may then choose to try again, to see if their adjusted schema leads them to the a 
correct ranking. As students struggle to answer a question this may be an iterative process 
as they collect more information and try to build an accurate mental model. 
Occasionally some students are not presented with any new information. Possibly 
because they already are familiar with the topic, because they did not take the time to 
read the question or evaluate the feedback, or because they chose to ignore some of the 
data they were presented with. Learning only occurs as students actively try to fit new 
information into their existing mental models. 
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In imagining how students cognitively process new information that they access 
while performing the ranking tasks, I developed the following flow chart using the 
framework of schema theory (see Figure 2.1). 
The diagram in Figure 2.1 shows a student encountering a ranking task. They 
approach the task with prior knowledge. In the process of completing a ranking task a 
student may encounter new information: either from the question, the solution or the 
background information. Students may then use this new information to actively 
construct new knowledge. As students try to work through a task they may attempt it 
several times, gathering new information and adjusting their schema through the 
processes of accretion, tuning or reconstruction each time. They can then approach the 
task with their adjusted schema or intermediate knowledge and see if it allows them to 
rank the icons correctly. Students then continue to move to new tasks in the ranking task 
set and further build their relevant mental models. 




Figure 2.1 A model of students’ process of using a ranking task. Figure 2.1 is loosely 
based on a diagram of how students use schema theory to approach tasks prepared by 
Seel (2011) shown in Figure 2.2. 
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Figure 2.2 A visualization of Schema theory (Seel, 2011) which connects schema 





One of the challenges of making educational curriculum materials is making them 
an appropriate level of challenge for students. This is particularly a challenge when 
students have very different background knowledge and ability levels. If the exercises are 
trivial, students do not gain much from the process other than a boost in confidence. If 
assignments are too challenging, students find themselves in an unproductive struggle. 
Educators want students engaged in productive struggles that lead to learning. In a social 
constructivist context the optimal level of challenge for a student is called the zone of 
proximal development (hereafter ZPD). 
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Vygotsky the ZPD as: “the distance between the actual development level as determined 
by independent problem solving and the level of potential development as determined 
through problem solving under adult guidance or in collaboration with more capable 
peers (Vygotsky, 1980, p.86).” While Vygotsky thought of support primarily in the sense 
of the support a teacher or a fellow student can provide, there are a lot of other types of 
educational scaffolding.  
Scaffolding is a metaphor that is commonly used to describe the concept of 
educational supports. It was introduced to the literature by Wood, Bruner and Ross 
(1976) in the context of a child being tutored by a more knowledgeable adult. This type 
of instruction is not meant to be direct instruction in which the adult tells the child what 
to do step by step but rather learning through social interaction and a type of social 
constructivism. Other types of scaffolding can include contextual and visual support in 
learning activities; dividing a task into simpler steps; providing guidelines; hints; 
equation sheets; etc. (Verenikina, 2003). 
In these tasks, I have done my best to design appropriately difficult tasks and have 
thus provided several different types of scaffolding. When students perform ranking tasks 
in a class setting they will have a collaborative learning experience and knowledge will 
be social constructed. In the pre-class or the interview setting knowledge is not socially 
constructed and I provide other supports; the most obvious is the link to the background 
information provided in the corner of each ranking task that helps remind students what 
they heard in class or read in their text. These background pages also contain videos, 
simulations and diagrams that provide both context and visual support. Another example 
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of scaffolding applicable to these ranking tasks is the progression of complexity; this is a 





 Active learning is a very broadly used term. Homework and labs are part of many 
traditional physics and astronomy courses and can be considered active learning 
activities, as are other types of experiential and phenomena based learning. However 
these learning activates are not all equal. Active learning activities can be characterized 
by the openness of inquiry; recipe-style worksheet-based labs do not allow students to 
take initiative but open inquiry labs allow students to develop investigative skills that are 
the foundation for conceptual learning (Hackling, 2005).  
When Nobel Laureate Carl Wieman visited the campus of the University of 
Nebraska in 2019, he spoke to inspire change in UNL’s department and a shift towards 
active learning within the physics community. He focused on actionable changes that can 
be made in teaching practice within the structural limitations of the university setting and 
the large lecture classes that represent most introductory physics courses. In his book, 
“Improving How Universities Teach Science”, Wieman (2017) suggests that instructors 
use in-class activities such as “think-pair-share” questions, worksheets, and case studies. 
These activities and others like them are designed to shift pedagogy away from teacher-
centered environments in which students passively listen to explanations to active 
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learning environments in which students are: “mentally engaged with suitably 
challenging, authentic intellectual tasks that … provide multiple ways of probing their 
thinking; and offer targeted and timely feedback that guides improvement in their 
thinking.” (Wieman, 2017, p. 9) Other types of active learning actives include: 
collaborative learning during which students work in small groups and learn through 
student interactions, and project based learning (PBL) which is often largely self-directed 
by students, after an initial orientation by an instructor (Prince, 2013). 
 The best active learning practices get students answering questions and interacting 
with data. These types of “Interactive-Engagement” (IE) activities have shown 
phenomenal gains in students’ conceptual understanding. The IE method as defined by 
Hake (1998) is “designed, at least, in part, to promote conceptual understanding through 
interactive engagement of students in heads-on (always) and hands-on (usually) activities 
which yield immediate feedback through discussion with peers or instructors, all as 
judged by their literature descriptions (Hake, 1998, p.65).” In a survey of 6000 students 
taking mechanics in either a university or high school setting in 62 different classrooms 
Hake was able to compare students conceptual understanding of mechanics using the 
either the FCI (force concept inventory) or MD (mechanics diagnosis test), which are pre 
and post tests for students. He found that the average gain on the tests in a traditional 
classroom was about 0.23 while in IE classrooms the gains were twice as large with an 
average of 0.48. The sample size and strong correlation in the data suggest that IE 
methods increase course effectiveness and student conceptual understanding of 
mechanics.  
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Collaborative learning has also been shown to improve conceptual learning and 
increase student retention in technical programs like engineering. Springer (1999) also 
emphasizes that in industry, science is collaborative and by having that environment in 
universities we are allowing students to develop the skills they need to go out into the 
workforce. This meta-study reports that these types of learning environments can help 
students move from the 50th percentile to the 70th on standardized tests of knowledge and 
can improve attrition by 22%.  
Another common lecture tool is the use of demonstrations. Crouch et al. (2004) 
showed that students do not learn by passively listening in class even if there are amazing 
demonstrations. Miller adds add that “despite their illustrative power, research has shown 
that demonstrations also often lead to increased confusion (Miller, 2013, p.570).” Crouch 
compared three different presentation methodologies in the classroom: (1) observe, in 
which students passively watch the demonstration; (2) predict, in which students record 
their predictions before they watch the demonstration; and (3) discuss, in which students 
record their predictions, observe the demonstration, and then discuss with peers. The data 
suggests that, in terms of learning, passively watching a demonstration is no different 
than not watching a demonstration in terms of explaining the outcome of the 
demonstration, and is only slightly better at know what the outcome of the demonstration 
is. Students who were asked to make a prediction before viewing the demonstration; 
however, had strong gains in their ability to correctly explain the reasoning behind the 
demonstration outcome. For demonstrations to be effective, students must first predict the 
outcome. 
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The truth is that traditional lecture methods do not work very well. The vast 
wealth of evidence that supports the use of active learning activities in an important 
impetus for any educators or educational content creators. Freeman et al. (2014) looked at 
225 different studies that compared active and traditional instruction as a type of meta-
analysis to synthesis the data. One interesting observation made by Freeman is that the 
differences in the student results for traditional verses active learning pedagogies are 
most noticeable in concept inventory type assessments, but they are also sizable on 
traditional examinations (over 6%). It is also cited that “failure rates under traditional 
lecturing increase by 55% over the rates observed under active learning.”  
 There are many different active learning tools that have been developed for use in 
introductory astronomy. An overview of these tools can be found in Appendix A. The 
ranking tasks designed in this thesis are designed to be IE activities as they fit into the 




In constructivism, students are continually building schema as they try to actively 
create meaning out of their various experiences and the information they are collecting 
and interpreting. As these schema become more complex and more connected, students 
are developing mental models.  
In astronomy, mental modeling is fundamental because there are so many 
astronomical phenomena that cannot be experienced directly. An accurate mental model 
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of a large-scale astronomical system such as the Sun–Earth–Moon system allows students 
to connect schema about eclipses; moon phases; tides; night and day; seasons; years; etc. 
This is then a powerful tool that students can use to construct new knowledge. Mental 
model building using data has always been a part of astronomy, as scientists take their 
observations and conceptions and try to bind them into a coherent overarching model. 
The cognitive processes of actively accommodating and assimilating new knowledge are 
the same processes by which scientific models are developed from data.  
“For example, attempts to understand the place of Earth within the 
universe have been articulated by a series of mental models beginning with a flat 
Earth on a sea enclosed within a solid celestial firmament, progressing to 
Ptolemy’s and then Copernicus’ concentric spheres. The concentric spheres 
mental models required a force to drive them, which led to Boyle in the 17th 
century envisaging the universe as a machine. This view was accepted by Kepler, 
who then developed his mental model of planetary motion as being similar to the 
workings of a clock. Kepler’s mental model was itself later superseded by 
Newton’s ideas of gravitational forces acting at a distance (Taylor et al., 2003, 
p.1207).” 
Taylor (2013) has four suggestions for teachers who want to teach in a manner 
that supports student mental model building: (1) Give students opportunities to make 
explicit their initial mental models and to critique them repeatedly as more data become 
available. (2) Invite students to select the mental model which for them has the greatest 
explanatory power and apply it to solving novel problems. These suggestions mirror the 
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advice of Oliver (2000) who says that constructivist learning activities need to 
intentionally call upon students to bring forth their relevant schema. Taylor also takes a 
social constructivist approach and recommends that (3) students share and critically 
evaluate one another’s models because this helps students consolidate their mental 
models and improve their understanding as they defend their model. Lastly (4) is the 
recommendation that teachers allow students meta-cognitive reflection about how models 
work and the way that scientists use models.  
There are many different ways to model physical systems. The development of 
any of these models occurs as students actively fit their different schema together. This 
allows students to have a better understanding of all of the relevant schema and is a 
















Ranking tasks ask students to rank different situations or objects based on a 
specified characteristic or quantity. Students are either provided icons that represent the 
individual objects to rank or are provided with a central graphic with labels that indicate 
the different objects to be ranked.  
Because the objects only differ with respect to one or two variables, students can 
rank the choices by comparing icons than finding a way to calculate the specified 
quantity students are ranking. “Ranking Tasks are an innovative type of conceptual 
exercise that asks students to make comparative judgments about a set of variations on a 
particular physical situation (O’Kuma, Maloney, and Hieggelke, 2008, back cover).” 
When computing quantities students can adopt a “plug and chug” mentality in 
which they plug numbers into formulas without considering the physical meaning of the 
equations, or the relationship between variables in the formulas. In a more traditional 
physics or astronomy assignment this can be combated by requiring students to provide a 
symbolic solution or taking a “no-numbers” approach. (Kortemeyer, 2016). 
To shift students away from a “plug and chug” mentality, ranking tasks often have 
only simple calculations such as ratios or comparing powers. Some ranking tasks only 
provide symbolic information about the situation. Such “no-number” tasks cannot be 
solved by plugging numbers into a calculator and must involve comparative reasoning. In 
the case of comparing luminosity and radius in the Hertzsprung–Russell (HR) diagram 
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tasks, the task can be solved computationally, but is easier solved by comparative 
reasoning.  
 Ranking tasks are not new, nor are they attributable to a single person. But Siegler 
(1976) was instrumental in the formalization of ranking tasks as a type of formative 
assessment in educational settings. Siegler called the technique “rule assessment”, and his 
original paper records how students develop rules to rank different balance scale 
problems.  
Siegler determined that all students follow one of four general hierarchical rules 
while solving ranking tasks. He illustrates these diagrammatically in Fig. 3.1 with the 
balance scale example. (I) Students only used a single dimension, such as weight or 
distance from fulcrum, to rank the situations. Students usually start with Rule I and then 
as the problems get more challenging move to using rules II or III as they get feedback 
from their guesses. (II) Student use one dimension to rank and then the other. i.e., if 
weight is the same then use distance to rank which will move further down. (III) Students 
consider weight and distance for each situation and whether the effect is in the same 
direction for both characteristics, however, they do not know the quantitative relationship 
between the different dimensions. At this stage they muddle through, guess, or use 
imperfect integrative approaches such as the addition rule, in which they add the weight 
and distance on each side of the fulcrum and choose the side with the greater sum. (IV) 
Only a minority of students come up with the quantitative relationship that the scale tips 
towards the side with the greatest cross product between the weight and the distance from 
the fulcrum (Siegler and Chen, 2002; Siegler, 1976). These figures show very clearly the 
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thought processes of students, and are a tool that I use to demonstrate how students think 
through tasks in chapter 9 of this text.  
Maloney (1987) further developed these ideas by emphasizing the importance of 
determining the students reasoning and strategy. Maloney developed ranking tasks with 
six to eight icons of the same structure that vary by either one or two numerical variables. 
Then students are asked to write an explanation for their ranking, and to rank their 
confidence. His advice for designing tasks is to consider rules students might use to rank 
the task and then use variables such that incorrect rules produce the wrong answer. He 
identifies different rules listed in Figure 3.2, that are similar to the rules used by Siegler 
previously shown. 
 






Figure 3.1 Four different types of rule-assessment used by students in Siegler (1976).  
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Figure 3.2 A table from Maloney (1987) which demonstrates how the different 
assessment rules produce different ranking solutions.  
 
Ranking Task Exercises in Physics  
 
 The Ranking Task Exercises in Physics student workbook and teacher resource 
(hereafter RTEP) by O’Kuma, Maloney, and Hieggelke (2000) contains 218 ranking task 
exercises that span mechanics, thermodynamics, electricity and magnetism, and optics at 
an introductory level. These tasks follow the model set forth by Maloney (1987) and 
include four main components:  
1. the description of the situation, including the constraints and the basis for ranking 
the arrangements 
2. a set of figures showing the different arrangements to be compared 
3. a way to identify the response sequence chosen 
4. a place to explain the reasoning for the answer produced 
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The RTEP is designed to encourage students to think about systems and how the 
systems behave rather than recalling the correct equation. With qualitative information 
represented as quantitative values in the RTEPs, students can rely on either a quantitative 
representation involving the use of memorized equations to complete the exercise or a 
qualitative representation involving conceptual thinking and ideas to complete the 
exercises (O’Kuma, Maloney, and Hieggelke, 2000). 
 
Ranking Task Exercises in Astronomy 
 
The use of ranking tasks in astronomy has been developed largely under the work 
of Hudgins et al. (2006). These tasks are very much built on the work of O’Kuma, 
Maloney, and Hieggelke (2000) with the belief that ranking tasks in astronomy have 
many of the same benefits as ranking tasks in physics. These benefits stem from the 
ability ranking tasks have to shift students away from the formulaic approach to solving 
every problem and instead have them look at many different representations of data (e.g., 
photographs, line diagrams, graphs, tables, and so on), … and develop mental schema 
that are more flexible and robust (Hudgins et al., 2006, p.4).” There is also an emphasis 
on trying to have students confront misconceptions that builds on the lecture-tutorials 
(Prather et al., 2013).  
Hudgins et al.’s investigation of the use of these tasks occurred with a sample of 
131 students completing each task. Normalized test scores were compared before the 
material was covered in lecture, after it was covered in lecture and then again after 
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collaboratively completing a set of three ranking tasks. Their results show that the gains 
from three collaborative ranking-task exercises completed by students working 
collaboratively in a large lecture class for 20 minutes produced a gain in understanding 
equivalent to the entire array of carefully prepared traditional instruction that preceded 
the ranking tasks (Hudgins et al., 2006). 
Hudgins et al’s project currently consists of eight topical sets were (1) Motion of 
the Night Sky; (2) Seasons; (3) Phases of the Moon; (4) Kepler’s Laws of Orbital 
Motion; (5) Gravity; (6) Luminosity of Stars; (7) Doppler Effect; and (8) Star Magnitude 
and Distance. Each set contains 5 ranking tasks, the first three are recommended for use 
as a collaborate exercise in class and then the final two in each set are recommended for 
use as homework assignments or in an exam settings.  
These tasks are available online as paper-based tasks or as interactive tasks. The 
adaption of the tasks was done by the UNL Astronomy Education Group which has also 
gone on to create many additional interactive astronomy ranking tasks. Some are 
available as HTML5 tasks on http://astro.unl.edu web site and many more in the 
Interactives native app downloadable at the same location.  
 
Astronomy Interactives Editor 
 
 With funding from the NASA Nebraska Space grant, the UNL Astronomy 
Education Group has created an online editor for ranking tasks that is publicly available 
for use. The editor is hosted at https://astro.unl.edu/newRTs/ along with 34 individual 
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tasks that have been adapted from the previous work of Kevin Lee, David Hudgins and 
Edward Prather. 
 This editor allows users to make HTML based ranking tasks in a user-friendly 
environment. The editor is designed for users to create a task using icons that are ranked 
by mouse dragging or by using keyboard arrow keys, it also has the capability to 
randomize data, provide immediate feedback and link to background information. 
  There are two primary types of ranking tasks that are easily made in the editor: 
(1) a task in which icons contain the information and (2) labeled locations on a central 
image ranking task. In either type of task, the user needs to prepare their question graphic 
or icon graphics in another program and then upload them into their ranking task project. 
All of these images can then be resized within the editor. Background information also 
needs to be prepared outside of the editor.  
When creating a task the user enters the text for the question and chooses if they 
wish to add a question image and a link to background information. Then they select 
icons from those they have uploaded and enter any labels, feedback and values needed 
for each icon such that the editor can grade student resources. Binning and customizing 
the number of icons to rank are a wonderful way to randomize the data in a controllable 
way.  
The UNL Astronomy Interactives Editor is currently in an experimental version 
but has been found to work very well by members of the UNL Astronomy Education 
Group and has been available online for use by the public since October 2019.  
  




Van Someren, Barnard, and Sandberg (1994) wrote what can be considered the 
definitive practical guide to using the “Think-Aloud Method.” In this method, the 
researcher gains insight into a person’s thinking process, through cognitive interviews. 
Because they are thinking aloud while problem solving, the researcher gains insight into 
their knowledge and methods for performing a task process that could not be gained by 
simply looking at the end result, as there are many cognitive paths to the same result. 
Students are encouraged to say directly what passes through their minds without filtering 
or interpreting. Information gained through the think-aloud method contain more insights 
and a higher fidelity than asking a student to explain their thought process retrospectively 
or introspectively. After recording the narration, the transcription can then be compared 




The think-aloud method is well suited to problem solving tasks, but does have 
limitations. Thinking aloud only captures verbalized cognitive processes. Simple 
cognitive thoughts are difficult to verbalize as the brain processes the information so 
quickly that the student would ‘automatically’ see the answer with no apparent process to 
verbalize. They can rationalize their choice after the fact, but their response comes from 
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the original cognitive process. For example, the cognitive path to answer 2+2 does not 
usually go through the logic of the number line for most adults. Rather 2+2 simply is 4. 
On the other end of the spectrum, it is difficult to verbalize tasks that are very complex or 
non-verbal in nature. This may also make verbalization more difficult and idiosyncratic. 
When students entered the most complex stages of thinking, they would often go silent or 
stammer until they found a clear path that they could vocalize again. “The same task may 
be automated or verbalizable for one person, but not for another.” (Van Someren, 
Barnard, and Sandberg 1994, p.37). These difficulties with verbalization are clearly 
demonstrated when reviewing student interview protocols. Several of the tasks I have 
included, particularly HR3, HR4, HR6 and HR7, may be too simple for some of the 
students to verbalize in a way suited to this study. I still include them because subsequent 
tasks build on the concepts they include. This is consistent with the study design of 
(Coleman and Shore, 1991).  
 
Data Collection  
 
In addition to what students say aloud while solving the ranking tasks, other 
information was obtained through observation and post problem solving reflection. Did 
the student refer to the notes, or did they erase their work and start over? Does the student 
appear frustrated? Did they use a calculator? etc. These observations are recorded as 
“action protocols” in the Van Someren, Barnard, and Sandberg (1994) method. 
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Retrospection and introspection are ways of collecting verbal data after a student 
has already solved a problem. This is a very common tool in interactive instruction; we 
often ask students to “think-pair-share” and share with a fellow student how they 
approached a problem or in RTEP students are asked to explain their reasoning after 
having completed a ranking. As Crouch et al. (2004) demonstrated, students better 
understand a problem by discussing how they solved it. However, these methods have 
been shown to be inaccurate in reconstructing how students solved a problem. Namely, 
students do not really remember and recount their cognitive process. Rather they only 
explain how to approach the problem. After solving the problem, the solution prompts 
students to recall the steps that led to it, which they may or may not have used originally. 
They may also not remember steps they took originally that did not lead to the solution 
(Ericsson & Simon, 1984; Van Someren, Barnard, and Sandberg, 1994). 
Observation, retrospection and introspection all have the advantage of being 
unobstructive to the students’ problem solving. A more traditional interview in which 
students are asked questions during their problem solving process can be advantageous in 
that as an interviewer you can ask very specific questions, but also disadvantageous as 
this interrupts the students’ mental process and could change how they approach the task.  
Van Someren, Barnard, and Sandberg (1994) when reviewing the above methods state 
that any data coming from an interview where the cognitive process was disturbed is 
invalid; this information may be incomplete due to memory errors or is subject to 
interpretation by the subject.  
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The solution they recommend, and the one that I use to study the ranking tasks is 
“thinking aloud”. Students are asked to narrate their thoughts as they work through the 
problem-solving process. This method is relatively unobtrusive and does not interrupt the 
students’ thinking in any way. Because it is occurring concurrently with the problem-
solving process, there is no room for memory errors or for reinterpretation of events. It is 
also important to note that I don’t ask students to explain how to solve the problems, but 
to think aloud as they solve them. 
 
Building a Model and a Coding Scheme 
 
In any cognitive models of the problem solving process there are three primary 
steps: (1) orientate, (2) solve and (3) evaluate. For different types of problems each of 
these steps can be more or less complex. The general procedural model for a simple 
algebraic problem would look something like (Van Someren, Barnard, and Sandberg 
1994, p.51):  
1.Read the problem text (text; sentences) 
2.Translate each sentence into an algebraic equation (sentences; equations) 
3.Solve the resulting set of equations for the unknown (equations; solution) 
This model was constructed by observing how 40 students solved 30 word problems. 
This model is task independent, it is not for a specific algebra problem but a general 
model that can be applied to all of them. The model is also not descriptive of an 
individual students’ approach, but how students, in general, solve this type of problem.  
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Coding is the process used to describe mapping between students’ verbal protocols 
and the model. The codes are essentially a shorthand for describing the binning of the 
types of students’ thinking and practices. These can then be used to quantify the 
correlation between protocols and models by looking for processes predicted to be 
present that are missing, unexpected processes and a different sequence of processes than 
expected. The process of analyzing a protocol is depicted in Figure 4.1.  
 





Figure 4.1 The analysis process taken directly from Van Someren, Barnard, and 
Sandberg (1994, p. 118).  
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Physics Problem Solving Procedure 
One of my goals in this study is to construct a general model for how students 
approach astronomy ranking tasks. As a starting point I consider a model of how physics 
problems are solved. In physics courses, instructors often describe the 5 steps to problem 
solving for students, The steps are described as:  
1. Establish a clear mental image of the problem. 
2. Describe the physics of the situation.  
3. Plan a solution. (Turn the concepts into math) 
4. Execute the plan. 
5. Evaluate the answer. 
 
Jansweijer Model  
Jansweijer developed a computational model of advanced physics problem-solving 
which he used to code protocols of novice and advanced problem solvers solving 
problems in thermodynamics. This coding scheme, which directly corresponds to the 
model, is quoted from Van Someren, Barnard, and Sandberg (1994) as it was originally 
put forth by Jansweijer (Jansweijer, cited in Van Someren, Barnard, and Sandberg, 1994). 
There is considerable agreement between the initial model for physics problem 
solving previously discussed and the Janswiejer model. The step “establish a clear mental 
image of the problem” is described by the codes for READ PROBLEM, and SKETCH. 
Then “describe the physics coordinates” with SCHEMATIZE. This next step is a little 
more challenging to translate directly but I pair “plan a solution” with SOLVE FOR 
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VARIABLE, and then “execute the plan” with COMPUTE. This coding scheme is very 
robust and is the underlying basis that I use to create the coding scheme for the ranking 






a. READ PROBLEM 
i. READ GLOBAL 
ii. EXTRACT FEATURES 
b. SKETCH 
i. READ FRAGMENT 
ii. EXTRACT FEATURES 
iii. CANONIZE 
iv. CONSTRUCT PROBLEM SKETCH 
c. SCHEMATIZE 
i. DETERMINE SYSTEM 
ii. DETERMINE STATES 
iii. DETERMINE PROCESS 
iv. ANALYZE ASKED 
v. ANALYZE QUALITATIVE 
2. SOLVE 
a. SOLVE FOR VARIABLE 
i. CLASSIFY VARIABLES  
ii. RESOLVE VARIABLE 
1. GENERALIZE VARIABLE 
2. SELECT PRINCIPLE 
3. CHECK APPLICABILITY 
4. SPECIFY EQUATION 
5. SIMPLIFY EQUATION 
b. COMPUTE 
i. SUBSTITUTE EQUATION 
ii. FILL EQUATIONS  
iii. CALULCATE 
3. EVALUATE 
a. CHECK SOLUTION 
 
Figure 4.2 The Jansweijer model as presented in Van Someren, Barnard, and Sandberg 
(1994).  




This project occurred in three major phases. The first was designing the ranking 
tasks. This phase of the project included determining the subject and specific content of 
the ranking task sets by reviewing what content is taught in introductory astronomy as 
well as what interactive learning tools are currently available to instructors of 
introductory astronomy. During this phase of the project there were many ideas for 
potential tasks that were filtered and refined into the sets that I presented to students, the 
tasks I created were iteratively polished with feedback from members of the Astronomy 
Education Research Group at UNL.  
The second phase of the project centers around data collection. Field testing was 
done in Fall 2020. During that semester I presented a collection of transit method (TM) 
tasks as a worksheet to students of Dr. Kevin Lee’s UNL introductory astronomy class. I 
then used student completed worksheets to further refine the tasks.  
The primary data collection occurred during the Spring 2021 semester using 
cognitive “think aloud” interviews. Before collecting data from students I sought and 
obtained IRB approval. Recruitment was done during the spring semester of 2021 from a 
second section of introductory astronomy at UNL. Participation in the project was 
voluntary and was offered as one of the students’ options for an experiential project. 
Students communicated to me their interest in participating through e-mails and the 
consent form was made available on the course website with a description of the project 
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opportunity. A specific interview time was arranged with each interested student. 
Interviews were held via Zoom at locations of the students choosing, and on the students’ 
personal devices, including laptops, smartphones or tablets. 
Finally the last phase of the project was transcription of the interviews, coding 
them and then looking to answer my research questions with the coded protocols. While 
designing the tasks I recorded how I thought students would approach the tasks; 
afterwards I was able to determine the assessment rules that students actually used, and 
which tasks best prompted verbalization of knowledge construction. 
 
Task Design and Construction 
 
After deciding to adopt ranking tasks as my thesis topic I was encouraged to 
brainstorm a list of different ranking task sets that I would be interested in creating so that 
I could then select 2 or 3. In Table 5.1, I have included 12 of the ideas for ranking task 
sets that I considered, any of which would work well as a ranking task set with further 
development. One of the major considerations is what ranking tasks sets would fit in well 
with the course work of UNL’s introductory astronomy course during the Spring 2021 
semester, and other high school and university level introductory astronomy classes. I 
designed these tasks to be appropriate for students without a strong science background 
and to fit with currently used astronomy curriculum and educational tools, which are 
discussed in appendix A. 
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Hertzsprung–Russell Diagram Tasks  
After careful deliberation, I decided to make two ranking task sets; the first 
focused on the Hertzsprung–Russell (HR) diagram and would additionally focus on 
connecting the Luminosity equation to the HR diagram. I will briefly sketch out how the 
student problem solving methodology affects the organizational structure of the task set, 
but considerably more information is supplied in the subsequent chapters focusing upon a 
specific set of tasks. 
 For the design of the HR diagram task set, I decided that I would first have 
students interpret a very simple HR diagram and then have them work on a diagram 
populated with real stellar data. This is a type of scaffolding as described by Verenikina 
(2003) that can make the more challenging stellar HR diagrams approachable for 
students. 
Tasks HR3 - HR4 and HR6 - HR7 are relatively simple as the answer is directly 
available upon reading the provided graph, while tasks HR5 and HR8 have to instead be 
constructed from information that is available in student memory or that can be obtained 
from background information of their notes.  
I also decided to add two tasks at the beginning of the set that assess student 
understanding of the luminosity equation. These questions are slightly more challenging 
as the solution is not found directly in a single step. I expected students to approach these 
problems using rule-assessment with a type III or type IV rule as described by Siegler 
(1976). These questions are well suited to the think aloud interview process and the 
cognitive evaluation scheme set forth by Van Someren, Barnard, and Sandberg (1994). 
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The discussion of this design process can be found in chapter 6, and the models for their 
cognitive processing in chapter 8.  
 
Transit Method Tasks  
 The second set of ranking tasks is centered upon the transit method for finding 
exoplanets. Originally I had envisioned this set to also include tasks related to the radial 
velocity method, but then narrowed the scope of the set. This is discussed in chapter 7.  
• Cosmology (Big Bang Theory, relativistic doppler/ Hubble’s law) 
• Exoplanet Discovery (radial velocity method and transit method) 
• Stellar Evolution (cluster HR diagrams; life of a single star; white dwarfs, 
neutron stars and black holes; main sequence lifetimes) 
• Solar System Formation (process of formation, frost line, temperature is 
proportional to 𝑟!", types of asteroids, moons, gravitational pull of different 
bodies, eccentricity, inclination, Hill radius, comets)  
• Our Solar System (number of moons, semi-major axis, surface temperature, 
eccentricity, inclination, orbital period, etc.)  
• Galaxies (Hubble’s tuning fork, star formation in galaxies, galactic mergers)  
• Telescopes and observations (interstellar reddening, focal length, 
magnification, angular size, parallax, reflector flipped images, filters, light 
gathering power) 
• HR Diagram (main sequence lifetimes, mass, luminosity, radius)  
• Distance Indicators (absolute vs. apparent magnitude, parallax, RR Lyrae 
Stars, Hubble’s Law, cepheids, type 1a supernova, eclipsing binaries)  
• Spectroscopy (strength of hydrogen line, Wein’s law, blackbody curve, 
emission and absorption lines, doppler)  
• Binary Stars (mass determination, radial velocity method) 
• Element formation (CNO and proton-proton fusion; fusion vs fission; binding 
energy; abundances)  
Table 5.1 Ranking task set ideas  
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 Within this set one of my goals was to try and represent transits in several 
different ways to prompt good mental modeling of the characteristics of a transit. In 
Table 5.2, I describe six different representations used to model transits, or a moment 
during which a planet is transiting a star. These can easily be divided into two groups, the 
“star-planet” icons and the light curve icons. The various “star-planet” icons illustrate 
different perspectives of considering how a planet orbits a star. The various light curve 
icons serve to explore periodicity and transit duration. I believe that all 8 tasks in this set 
require students to engage in the problem solving process; solutions cannot be directly 
obtained by a cursory glance at the tasks or simply retrieved from memory. These 
rankings must be constructed from information that is available in memory or that can be 
obtained from the environment (Van Someren, Barnard, and Sandberg, 1994).  
I believed that students would use simple assessment rules for tasks TM1, and 
TM5 - TM8 following the structure of Siegler rule type I, but that they would still have 
multiple steps to developing their ranking rule. With tasks TM2 - TM4 I imagined that 
student would develop more complicates rules that factor in star size, planet size and 
stellar temperature. The development of these tasks is described in chapter 7 and the 
results are reviewed in chapter 8.  
  








Traditional view Observer view Face-on view 
Used in TM 1-4 Used in TM 6 Used in TM 7 
Light Curve icons 
 
 
Highlighting a single moment of the transit A light curve of a single transit 
Used in TM 1 Used in TM 5 
 
Real Data Kepler light curve for multiple transits used in TM 8.  
Table 5.2 An overview of the different transit method icons used.  
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Data Collection 
 
There were two stages of data collection in this project. The first round of data 
was collected informally to help refine the tasks. Participants came from Dr. Kevin Lee’s 
introductory astronomy class at UNL during the Fall 2020 semester. I prepared a 
worksheet version of the Transit Method ranking task set which was offered to all of the 
students of that course as experiential project option. While grading the worksheet, in my 
role as TA, I then was able to draw some conclusions about what misconceptions and 
misunderstandings students had about transits and I made some edits to the TM set as a 
result of the 17 completed worksheets I reviewed. One aspect of the worksheet is that it 
did not feature the instant feedback available in the later online HTML5 version of the 
ranking tasks. This influenced the students’ cognitive processes, and I did not use this 
data to influence the coding scheme or cognitive model I developed. The worksheet 
included a space for students to explain their reasoning and rate their confidence with 
each task following the example of O’Kuma, Maloney and Hieggelke (2000) in RTEP. 
Because, I did not seek IRB approval to use this data that I collected in my privileged 
position as a teaching assistant, I do not report on performance of individual students.  
 The primary data collection occurred during the spring semester of 2021. During 
that semester I performed 15 cognitive interviews with 10 different students who were at 
the time enrolled in Dr. Kevin Lee’s introductory astronomy course at UNL. Students in 
the class were assigned to complete three experiential projects during the course of the 
semester from a list of available options which included: traditional observation projects 
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at the student observatory such as looking at the tilt of Saturn’s rings, the movement of 
the Galilean moons, or sketching features of the Moon; viewing a documentary on 
dinosaur extinction or climate change and writing a short response paper; viewing a 
recorded planetarium show and writing a response paper; or participating in a think-aloud 
interview. Students were given the opportunity to look over the ranking tasks before 
signing the consent form that allowed them to participate in the study. All of the projects 
listed have similar time commitments and grading is primarily based on completion of 
the projects. Students had the option to receive credit for participating in the interview 
and then decline to have their interviews analyzed, and all students who wished to receive 
credit for this particular experiential project option were able to do so. 
 
Institutional Review Board Approval Process 
 Before conducting any of the think-aloud interviews I sought and obtained 
Institutional Review Board (IRB) approval. Although, research performed within the 
normal context of a class often does not require it; IRB approval was necessary as this 
project includes audio-video recordings of the student interviews and many of the 
students were minors, as defined by the state of Nebraska to be 18 or younger. During the 
IRB process I requested special permission to allow minors in the class to sign their own 
consent forms, as to reduce barriers to participation related to needing a guardian’s 
signature. A blank copy of the consent form and the IRB approval letter are included as 
appendix B. 
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The original request was submitted on January 11th 2021 and after review and 3 
rounds of revisions approval was given on March 12th 2021. The second and third 
revisions were concerned with developing an appropriate data storage plan. With the shift 
of university data storage from Box to OneDrive during this time there were some small 
added complications with approval of a data storage plan, but it was resolved in the 
revisions process. I used approved procedures for storing and anonymizing data.  
 
Study Context  
 Students were self-selecting from UNL’s Astronomy 103 class. Included below is 
the course description from the university’s online course catalogue:  
“Broad look at astronomy for non-science majors. Approach is essentially non-
mathematical, but simple algebra is employed where appropriate. Sun and solar 
system, the stars, galaxies, and cosmology. Black holes, pulsars, quasars, and 
other objects of special interest included. Emphasis on both “what is out there” 
and “how we know it” (Astronomy Courses, 2021). 
Students in this class are expected to learn about various physical and 
astronomical concepts without much mathematical computation. The instructor states: “If 
you are using a calculator you are not approaching this the way you are intended to.”  
This is a common university class. According to the American Institute of Physics 
(AIP) in 2018, there were nearly 200,000 college students taking an introductory 
astronomy class at a US university (Mulvey and Nicholson, 2021). This is a general 
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education course that students at UNL may use to fulfill their physical science 
requirement. The majority of the students are freshman, but students at all other levels are 
included. During the Spring 2021 semester there were 32 students enrolled in Dr. Kevin 
Lee’s introductory astronomy class at the end of the semester.  
  
Recruitment and Scheduling  
Recruitment was entirely done in the context of advertising different options 
available to students for their experiential project. Students in Dr. Kevin Lee’s Astronomy 
103 at UNL are required to complete three such projects during the semester. The possible 
projects were all detailed for students on the class website.  
 On the website students were able to look at a description of the project, the 
consent form and the ranking tasks before deciding to participate. Once a student had 
decided to participate they were asked to email me to schedule an interview time. Each of 
these projects were made available to students shortly after covering the relevant material 
in the class and was only open to students for two weeks.  
 I arranged an interview time with each student who contacted me and then followed up 
with them to ensure that they sent me a signed consent form. The interviews I held are 
summarized in Table 5.3. Interviews took between 20 and 40 minutes per student and 
directly after the interview I recorded some of my impressions about how the students 
thought through tasks. Because of this interviews are spaced out by a minimum of 45 
minutes.  
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Student  HR diagram interview TM interview Additional notes 
Student 1 Apr 1, 2021 10:00 AM Apr 26, 2021 01:00 PM  
Student 2 Apr 1, 2021 11:00 AM Apr 22, 2021 01:00 PM  
Student 3 Apr 1, 2021 01:00 PM   
Student 4 Apr 8, 2021 12:30 PM Apr 22, 2021 11:30 AM  
Student 5 Apr 9, 2021 12:00 PM Apr 29, 2021 12:15 PM* *Zoom recording did 
not preserve sound 
Student 6 Apr 9, 2021 01:00 PM Apr 30, 2021 02:30 PM  
Student 7  Apr 22, 2021 12:15 PM  
Student 8  Apr 22, 2021 02:30 PM  
Student 9  Apr 23, 2021 02:30 PM  
Student 10  Apr 29, 2021 11:30 AM  
Table 5.3 Student interview summary 
 
 In Table 5.3 you can see that I completed 15 interviews with 10 students, 5 of the 
students participated in both the interviews for the HR diagram tasks and the TM tasks. 
Unfortunately the recording of Student 5’s TM interview did not preserve audio. As such I 
only analyze 14 protocols.  
 
Interviews 
Interviews were held via Zoom. While it is ideal that the interviews take place in a 
minimally distracting environment, interviews were held in the location of the students’ 
choosing. Most often their home, the university library or in one notable instance, the 
student union food court. While I did not ask students the type of device that they were 
using to complete the tasks several students volunteered this information during the 
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course of the interview and I know that of the ten interviewed students two students used 
iPads and a single student used a smart phone.  
At the beginning of each interview I confirmed with the student that they were 
willing to have the interview recorded before starting Zoom’s record function. Then I 
briefly read students a short script I had prepared: 
“Thank you for agreeing to participate in this think-aloud interview. To start you 
should open the [HR diagram or Transit method] ranking tasks on your computer ….do 
you know where to find the tasks in Canvas? …… Would you please pull them up? … 
Excellent, as you work through the tasks try to say everything that goes through your 
mind, I am not as interested in the answer you come up with as I am with how you are 
thinking through these tasks. Do you have any questions? …….. Okay, go ahead and 
start.”  
During the tasks I did not interrupt students either to ask them any questions, or to 
prompt them in any way. I was prepared to remind students to “please keep talking” but I 
did not find that it was necessary during any of the interviews because there was never a 
point where a student fell silent for more than 30 sec.  
After students had finished the ranking tasks I then asked students to engage in 
retrospection about problems they struggled with, asked a few follow-up questions for 
clarity, and included a knowledge transfer question for each ranking task set which asks 
students to consider the content of the ranking tasks in a new way. 
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Data Analysis 
 
After completing the interviews I had the data in the form of audio-video 
recordings. While it is possible to directly code from the audio recordings and skip the 
step of transcription, I transcribed the interviews and used these transcribed protocols as 
the raw data, I then segmented and coded the interviews to perform content analysis. As a 
starting point, I am using Jansweijer’s (1988) model, but I have modified it to fit how I 
believed students use ranking tasks. This is now included as Figure 5.3 and is comparable 
to Figure 4.2.  
 
Transcription 
 After completing the interviews the first step was to appropriately back up the 
data and then I started in on the process of transcription. Transcription was an arduous 
process. It was very difficult to decipher some of the mathematical mumblings that were 
part of the student problem solving process at some points of the ranking task set. 
Students also often interrupt themselves in the middle of a word and change courses or 
communicate with vague phrases that are only meaningful to them in that specific 
context. There was also a challenge associated with my personal comprehension of the 
accent of the emerging bilingual student participant.  
Van Someren, Barnard, and Sandberg (1994) advises against the “experimenter” 
doing the transcription because of the unwarranted interpretation that can occur. 
“Although it is impossible to avoid interpretation altogether, one has to try to keep it out 
of the transcription. Protective measures which can be taken are the following. Let 
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someone else than the experimenter type out the protocols (Van Someren, Barnard, and 
Sandberg, 1994, p.47).” As mentioned above there were mumblings that I did interpret in 
my transcription process; my own knowledge of the tasks and my desire to answer the 
research questions may have impacted my interpretation of those mumblings, but I did 
very much try to record only exactly what was said by each student subject. 
After completing the original transcripts I went through the videos and made 
some notes about “action protocols” that occurred simultaneously with the verbal 
protocols that add meaning. This was possible because students usually turned on their 
screen-sharing when they pulled up the ranking task set. 
 
Segmentation 
The first step in analysis was to break the protocol into segment pieces, which can 
then be coded. Research on language production and language understanding shows that 
in speech the boundaries of phrases are usually marked by pauses (Ericsson & Simon, 
1984). I segmented written protocols in Excel, and numbered the segments to make them 
easier to refer to later. 
The convention I have chosen to refer to particular segments has 3 parts: first 
either an HR or a TM to refer to which ranking task set was being studied, then a number 
to correspond to the task within the set, then the student number, and finally the segment 
line number within the ranking task. So HR5.Student1.1 refers to the first segment of 
Student 1’s transcript for the 5th HR diagram ranking task. 
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Coding 
Just as it was recommended to have an independent transcriber, it is 
recommended to have independent coders. For this project I was the only coder so I did 
not have the ability to check inter-rater reliability.  
“If possible, it is best to leave the coding of the protocols to independent 
coders. The researcher who has constructed the model and the coding scheme 
usually is too much attached to a certain research hypothesis to do the coding with 
an objective mind. Try to find coders who are not involved in the research project, 
and who have no specific interest in the outcome of the protocol analysis. This 
gives the best guarantee for objective (reproducible) coding.” (Van Someren, 
Barnard, and Sandberg 1994, p.127)  
As the starting point for my cognitive model and coding scheme I have chosen to 
use Jansweijer’s (1988) Model, which is described on pages 33 and 34. The adapted 
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1. ORIENT 
a. READ PROBLEM 
i. ANALYZE ASKED  
1. VARAIBLE (i.e Radius) 
2. ORDER ASKED FOR (i.e. shortest to longest) 
ii. ANALYSE GIVEN  
1. STUDY ICONS/ OBJECTS TO RANK 
a. EXTRACT FEATURES  
i. VARIABLES (i.e. I have luminosity and 
temperature and they only differ by how 
far the planet is from the star.) 
ii. AXES / PLOT (i.e. The temperature is on 
the x-axis from hottest to coldest) 
b. SCHEMATIZE – ESTABLISH RELATIONSHIP BETWEEN WHAT 
IS GIVEN AND ASKED FOR  
a. Look for help in notes or background pages 
b. Look to other RTs for help 
2. EQUATION 
3. GRAPHICAL (Radius increases from the bottom left to 
the top right.) 
4. SIMPLE (I asked for something and gave it to them)  
 
2. SOLVE – RANKING BY VARIABLE 
a. EQUATION 
i. SOLVE FOR VARIABLE 
1. CALCULATE USING VALUES for each icon 
2. COMPARE USING VALUES (Comparative reasoning 
not calculating) 
a. Rank by one variable and then another.  
b. LOOKING AT GRAPHS AND PLOTS 
i. Relations on plots 
c. VISUAL COMPARIOSN OF ICONS 
 
3. EVALUATE 
a. CHECK SOLUTION – HIT GRADE BUTTON 
b. REFLECTION  
 
Figure 5.1 My version of Jansweijer’s (1988) model adapted for ranking tasks.  
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Essentially I believe that students still go through the three primary phases of 
problem solving (orient, solve, and evaluate). Orientation for a ranking task has three 
steps: determining first what you are being asked to rank, second what the icons or 
situations you are going to rank; and third establishing a relationship between what you 
are given and what you are asked to rank for. This third phase is where assessment rules 
come into play. There may be simple relationships like the longer the period the less 
frequent the transit, or more difficult rules like those needed to evaluate the radius of a 
star using the luminosity and temperature. These rules are discussed in chapter 4 and I am 
following the model set forth by Siegler (1976).  
Students then solve and evaluate the tasks. Solving these tasks is not ever 
intended to be completely computational. Because many introductory astronomy classes 
are essentially non-mathematical; these tasks are designed to use comparative reasoning 
with only simple algebraic relations. This solution can take the form of comparing icons, 
label positions on a plot or numerical values based on the rule that students established 
during their schematize step.  
Students skipping steps can be indicative of their problem solving process. 
Students that skip establishing a relationship between variables and go straight to ranking 
the icons from biggest to smallest may be pattern matching more than actually solving the 
problem. Similarly with the nature of interactive tasks, students can hit grade a few times 
to collect data from the task feedback and then reverse engineer an answer. While these 
methods are not high level problem solving students were not in any way discouraged (or 
encouraged) towards or away from any approach to the tasks. In several notable examples 
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discussed in chapter 9, it appears that students were able to use these methods to discover 
what the relationship was between the variables that were ranked and the information 
they were given in the icons.  
Other types of comments are also coded as well: comments that are not related to 







A Analyze Asked The specified quantity to rank, and the ordering scheme 
G Analyze Given 




Other ranking rule 
R1 Rank based on a single dimension 
R2 Students use one dimension to rank and then the other. 
R3 
Students consider two dimensions and if they are in the “same 
direction” 
R4 Students used a nuanced rule that includes two dimensions.  
S 
Solve 
Other solution strategy 
SE Solved using an equation  
SG Solved by interpreting a graph  
SI Solved by comparing icons  
E 
Evaluate 
Individual evaluation of their ranking  




M Meta-statements about the problem solving process 
Table 5.4 The coding scheme I used to evaluate the student protocols.  
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CHAPTER 6 
HERTZSPRUNG-RUSSELL DIAGRAM SET DESIGN 
 
The Hertzsprung–Russell (HR) Diagram is a scatter plot of stellar data which is 
important in modern understanding of stellar evolution. Crucially HR diagrams allows for 
stars to be grouped by their evolutionary stage (main sequence, red giant, white dwarf, 
etc.) and for observations to be made about how radius, temperature and luminosity vary 
for individual stars throughout the life of a star. Along the main sequence important 
observations about mass and stellar lifetime are possible. In the special case of a cluster 
diagram, observing the turn off point allows determinations of the age of a cluster.  
There are many different forms of the HR diagram but by convention all of the 
forms have effective temperature, color, peak wavelength or spectral type on the x-axis 
and absolute magnitude or luminosity on the y-axis. Axes are scaled such that brighter 
stars are found at the top of the plot and hotter stars at the left side of the plot. 
Figure 6.1 is a beautiful HR diagram created by astrophysics and science 
communicator Richard Powell, which labels the graph’s frame with all of the potential 
axes. On the top of the diagram there is spectral class and temperature, on the bottom B-
V color, and on the sides there is luminosity and absolute magnitude.  
I have chosen to use an HR diagram with luminosity scaled logarithmically on the 
y-axis and with stellar temperature on the x-axis inversely (as convention dictates). This 
variation referred to as a temperature-luminosity plot. It was chosen to help students 
make connections with the Stefan–Boltzmann Luminosity equation. 
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Figure 6.1 A Hertzsprung–Russell (HR) diagram with 23,000 stars from the Hipparcos 
and Gliese Catalogues. The x-axes are labeled with color, temperature and spectral 
class. The y-axes are labeled with luminosity and absolute magnitude. Also indicated 
are the luminosity classes including the main sequence (Powell, 2007). 
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The luminosity of a star describes how much electromagnetic energy the star is 
gives off each second. To calculate the luminosity, the surface area of the star is 
multiplied by the radiant flux produced by each unit of surface area.  
 𝐴#$%&'& = 4𝜋𝑅" (6.1) 
Radiant flux per unit of surface area is given by Stefan–Boltzmann’s law. With 
the assumption that stars are perfect blackbodies with an emissivity of 1 (𝜀 = 1) we use 
the simplified equation of the Stefan–Boltzmann’s law which states that the radiant flux 
of a is proportional to the fourth power of the effective temperature. The proportionality 
constant is called the Stefan–Boltzmann constant (𝜎 = 5.670	𝑥	10!( 	𝑊 𝑚"𝐾)4 ).  
 𝐹 = 𝜎𝑇) (6.2) 
By multiplying the surface area of a star, equation 6.1, and Stefan–Boltzmann’s 
law, equation 6.2, we get the Stefan–Boltzmann luminosity equation. 
 𝐿 = 4𝜋𝜎𝑅"𝑇) (6.3) 
Because this ranking task set is centered on the crucial relationships between 
temperature, luminosity and radius, rather than the computation of any of the stellar 
characteristics, we choose primarily to use solar units (𝐿☉, 𝑅☉, 𝑇☉), which further 















 𝐿 = 𝑅"𝑇) (6.5) 
I also want students to be able to identify the most important feature of the HR 
diagram: the main sequence, which can be seen in Figure 6.1 as the predominant 
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diagonal band of stars. 80-90% of stars can be plotted on the main sequence. These stars 
are fusing hydrogen into helium in their cores (proton-proton chain reactions, the CNO 
cycle or both) and remain at approximately the same location on the HR diagram for the 
whole of their hydrogen-burning stage, or main-sequence lifetime. As mass increases, 
core pressure increases such that more massive a star is the more luminous it is, and 
faster it will consume its core hydrogen (Ostlie and Carroll, 2007). 
In several early drafts of this set of ranking tasks there was a task related to 
ranking the age of a cluster using HR diagram icons that each included a main sequence 
turn-off point. As well as a task that asked students to rank the age of individual stars in a 
single cluster HR diagram. In considering where this set of ranking tasks fit in the UNL’s 
Astronomy 103 course it was decided that they would not be appropriate at the same 
point of the semester as the other tasks; these two tasks would fit better in a unit that is 
more focused on stellar evolution. The tasks about the mass along the main sequence and 
main sequence lifetimes could also theoretically fit in a stellar evolution unit but due to 




The primary objectives for this set of tasks are that:  
• Students will understand how temperature, radius and luminosity of a star are 
related: using an understanding of the Stefan–Boltzmann Luminosity equation 
(HR1 and HR2)  
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• Students will gain familiarity with reading a HR diagram (HR3, HR4, HR6 and, 
HR7) 
• Students will practice graphical analysis skills by interpreting the HR diagram to 
understand how the temperature, and luminosity of a star relate to the radius of a 
star. (HR5 and HR8) 
• Students will understanded how luminosity, mass and lifetime relate for main 
sequence stars. (HR9 and HR10) 
 
Luminosity Equation Tasks (HR1 - HR2): 
 
The first two ranking tasks focus on the Stefan–Boltzmann Luminosity equation, 
and understanding the relationship between the variables of temperature, radius and 
luminosity. For simplicity, all the given variables are in solar units such that the Stefan–
Boltzmann Luminosity equation simplifies equation 6.5 
In the provided background pages the explanation for this simplification is 













There is also a simulator embedded in the background page that allows student to 
manipulate the radius and the temperature of a star and observe the change in luminosity. 
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To view this background page you may use the direct link: 
https://astro.unl.edu/newRTs/Luminosity/Background/HR_Luminosity1.html 
 
TASK 1: Rank the icons below (each representing a star with a given size 
and surface temperature) in terms of luminosity from lowest to highest. 
 
Students are given 4 icons that are shaped like stars and printed on each of the star 
icons is a temperature and a radius given in solar units. Students are asked to rank the 
luminosity from lowest to highest.  
The 4 icons students are presented are selected from the icons in Table 6.1. My 
goal in choosing the values for the icons was not to encourage students to compute the 
luminosity by plugging values into the luminosity equation, but rather for them to have 
an understanding that the temperature is far more influential in the resulting luminosity 
than radius and to thus to rank objects first by temperature and then by radius. But also 
make the connection that a star with a large radius might be more luminous that some 
hotter starts.  
This is what I consider to be proportional reasoning. To encourage this approach I 
have also not included some possible combinations like 2T, 2R that I feel students would 
feel the need to perform a calculation to compare against the other icons. 
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Rank Icon Effective Temperature (𝑇☉) Radius (𝑅☉) Luminosity (𝐿☉) 
1 
 
1 1 1 
2 
 
1 2 4 
3 
 
1 3 9 
4 
 
2 1 16 
5 
 
3 1 81 
6 
 
2 3 144 
7 
 
3 2 324 
Table 6.1 HR1 icon descriptions 
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TASK 2: Rank the icons below (each representing a star with given temperature 
and luminosity) in terms of radius from smallest to biggest. 
 
The format of this task is the similar to that of HR1. Students are given 4 star-
shaped icons with their temperature and luminosity values given in solar units. Students 
are then asked to rank the radius from lowest to highest. The 4 icons they are presented 
are selected from the following icons in Table 6.2.  
Just as in HR1, students should be able to solve this ranking task using solely 
proportional reasoning based on their understanding of the luminosity equation. They are 
also provided the luminosity equation rearranged for radius (equation 6) if they want. 
Radius is inversely proportional to temperature squared and directly proportional to the 
square root of luminosity.  
I have again chosen the values in Table 6.2 to encourage students to compare 
values rather than compute the radius of each star. If a student compares two stars with 
the same luminosity it is easy to say that the one with a higher temperature must have a 
smaller radius because each part of the star emits higher flux. Or if two stars have the 
same temperature the one with the higher luminosity must have the larger radius. 
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1 1 1 
4 
 
1 2 √2  
5 
 
1 3 √3  
Table 6.2 HR2 icon descriptions 
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Simple Hertzsprung–Russell Diagram Tasks (HR3 - HR5): 
 
This group of ranking tasks is focused on interpreting a simple HR diagram with 4 
stars on the diagram. Students are given four icons that are labeled with the letters A, B, 
C and, D. The icons are also colored to indicate their surface temperature. Students may 
be familiar with Wien’s law and the relation between surface temperature and 
photosphere color; this may help students notice that stellar temperature is inversely 
arranged such that hotter stars are found on the left side of the diagram.  
It was a challenging decision to use the Kelvin scale rather than solar temperature 
units on the y-axis. Providing students temperature in solar units would make a better 
connection with the first two tasks which both used those units. I believe that it might 
cause students to calculate the radius in task 5 rather than interpret the plot based on their 
proportional understanding. The other benefit to using degrees kelvin is that it is more 
closely connected to commonly used HR diagrams that students are likely to see in class 
or their textbooks which are populated by stellar data.  
The background pages that go with these questions include a short video made by 
the European Space Agency which shows how the HR diagram is constructed simply by 
organizing stars by temperature and luminosity. There is also a link to an HTML5 
simulation called “the HR Diagram Explorer” in which students can move the star around 
on the HR diagram and see how the stellar characteristics change, and observe isoradial 
lines. To view this background page you may use the direct link: 
https://astro.unl.edu/newRTs/Luminosity/Background/HR_Luminosity2.html 

















 15000 2.5 0.01 .05 
B 
 
9000 1.5 1000 14 
C 
 
6000 1 1 1 
D 
 
3000 0.5 500 90 
Table 6.3 HR3 - HR5 icon descriptions, the stars are plotted in Figure 6.2 
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TASK 3: Consider the Hertzsprung-Russell (HR) diagram below, rank the 
luminosity of the stars (A-D) from lowest to highest. 
 
This task asks students to rank the stars by luminosity. This should be a 
straightforward ranking task as students do not need to establish a relationship between 
the variables they are given and the variable they are asked to use to rank the star icons; 
students can simply read the luminosity off of the graph, such that they rank the stars 
from the lowest on the HR diagram to highest on the HR diagram.  
 
 
Figure 6.2 Simple HR diagram for tasks HR3 - HR5 
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TASK 4: Consider the Hertzsprung-Russell (HR) diagram below, rank the 
temperature of the stars (A-D) from lowest (coolest) to highest (hottest). 
 
The only difficulty with determining the temperature of the stars is that students 
intuitively expect the temperature values to increase from right to left on the HR Diagram 
like most plots. However, reading the x-axis reveals that the stellar temperature is 
arranged such that hotter stars are found on the left side of the diagram.  
 
TASK 5: Consider the Hertzsprung-Russell (HR) diagram below, rank the radius 
of the stars (A-D) from smallest to biggest.  
 
Ranking the radius is a more challenging task because the plot does not include 
the isoradial lines that some HR diagrams have. Instead student need to establish the 
relation between the position of the star on the HR diagram and the radius of the star.  
In general, astronomy textbooks such as Bennett’s The Cosmic Perspective tell students 
that the radius increases from the bottom left to the top right of the HR diagram. 
Variations of Figure 6.3 are used to illustrate that general trend. In actuality, the isoradial 
lines are not oriented at a 45° degree angle as pictured in Figure 6.3. But due to the fact 
that the y-axis is logarithmic, and the fact that radius is given by, R = B ,
-!
  , it could be 
difficult for students to determine the actual slope of isoradial lines, or the exact sense of 
how the radius increases and that is not the goal of the task.  
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Figure 6.3 Characteristic trends for HR diagram. 
 
I have tried to select locations for the stars such that the ranking tasks are solvable 
for students as long as they have a general sense of how radius increases. Because of that 
goal I have developed several different versions of the HR diagram for this task and 
finally settled on the version shown in Figure 6.3 in the description for this group of 
tasks. The version in Figure 6.4 was an early version that was rejected because of the 
potential for confusion that students might have in ranking B and D. I believe that the 
plot we are using should avoid any of that sort of confusion. The positions are also 
selected such that students do get not the correct answer if they rank the stars using solely 
radius or luminosity.  
Due to an error on my part the first three students used Figure 6.3 as the HR 
diagram, populated with the data from Table 6.4 for HR5, instead of using 6.2 like they 
had for HR3 and HR4. 
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A 15000 2.5 0.1 0.05 
B 9000 1.5 1000 14 
C 6000 1 10 3 
D 3000 0.5 100 40 


























Surface Temperature  (K)
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Stellar Hertzsprung–Russell Diagram Tasks (HR6 - HR8): 
 
This questions in this group of ranking tasks are exactly the same as those in the 
group before that have students use a very basic HR diagram. Students are asked to rank 
4 star pictures-icons used the stellar characteristics of luminosity, temperature and radius. 
I have used publicly available pictures of the stars taken in the visible range for the icons.  
The images of the stars do not contain any information about the sizes of the stars 
due to the fact that the stars are all far enough away to be considered point sources. The 
stars appear to have different sizes in the photos due the amount of diffraction from the 
telescope optics, the seeing on that night, and the scale of the CCD. 
The stars given in the picture-icons each correspond to one of the red labeled 
point on the HR Diagram that is populated with stellar data. I have selected 40 stars that 
students may be familiar with specifically including bright stars and near-by stars that are 
commonly used in astronomy example problems, 6 of these are marked in red and labeled 
for ranking, these are spaced such that they are all clearly visible.  
It was important to me to include sufficient data points that it was possible to 
envision the main sequence as well as part of the red giant branch so that students can 
orient themselves using the main sequence, as well as the axes. The axes are the same as 
those for the HR diagrams for tasks 3-5. Temperature in degrees kelvin is included on the 
x-axis, arranged such that the hotter stars are on the left side of the HR diagram and the 
luminosity is logarithmic and given in terms of solar luminosity on the y-axis. 
The background information for these tasks is the same as that used for tasks 3-5. 
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Table 6.5 HR6 - HR8 icon descriptions; these go with Figure 6.5 
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Figure 6.5 Stellar HR diagram the red stars correspond to the picture icons in Table 6.5.  
 
TASK 6: Consider the Hertzsprung-Russell (HR) diagram below, rank the 
luminosity of the stars from lowest to highest. 
 
This task parallels task HR3. It asks students to rank the stars by luminosity. 
Students should be able to simply read luminosity off of the graph using the y-axis as 
their guide. Stars lower on the HR diagram have lower luminosities and the stars higher 
on the HR diagrams have higher luminosities. Students do not really need to establish a 
relationship between the variables they are given and the variable they are asked to use to 
rank.  
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TASK 7: Consider the Hertzsprung-Russell (HR) diagram below, rank the 
temperature of the stars from lowest (coolest) to highest (hottest). 
 
To rank the temperature students just need to use the x-axis to rank the stars by 
their position on the HR diagram from lowest to highest or from right to left on the 
diagram. After having already completed HR4 and having seen the inverse nature of the 
x-axis this should be a straightforward exercise. Students can also use the color of the 
stars in the picture-icons to help them with the determination of temperature of the stars. 
The redder stars are colder and the hotter stars are bluer as described by Wien’s law.  
 
TASK 8: Consider the Hertzsprung-Russell (HR) diagram below, rank the radius 
of the stars from smallest to biggest. 
 
To complete this ranking task students need to establish the relation between the 
position of the star on the HR diagram and the radius of the star. This can be done in 
several ways, such as ranking the stars based on how they appear on the HR diagram 
from roughly the bottom left to the upper right of the diagram. When looking at an HR 
diagram with the main sequence is included, it is easy to orient oneself and recognize 
how the isoradial lines would be oriented and consequently the direction of radius 
increase (perpendicular to those isoradial lines.) These isoradial lines are just a bit 
shallower than the central part of the main sequence. Stars increase in radius as you move 
along the main sequence to hotter or more massive stars. As I have reviewed beginning 
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astronomy texts, I have noticed that this is not something explicitly taught, although there 
are often HR diagrams with isoradial lines included in introductory astronomy texts.  
If students assume that the isoradial lines are oriented at a 45° angle they will 
misrank the radii of stars on the main sequence. To avoid this confusion it is possible to 
explicitly include isoradial lines, or simplify the HR diagram by choosing stars that have 
dramatically different radii.  
 
Main Sequence Hertzsprung–Russell Diagram Tasks (HR9 - HR10): 
 
Stars spend most of their lives on the main sequence, the entire time they are 
fusing hydrogen to helium in their cores. On the HR diagram main sequence or dwarf 
stars are seen as a band or region of stars that makes a diagonal line from approximately 
the upper left to the lower right of the HR diagram.  
A star’s position on the main sequence is almost entirely determined by its initial 
mass, and it stays at the same position in the main sequence for the whole of its main 
sequence lifetime, before moving as it turns off the main sequence to become a red giant 
and move into the next step of its stellar evolution. The mass of main sequence stars 
increases as you move up the main sequence to hotter and more luminous stars. The 
relation between the mass and the luminosity of main sequence stars is known as the 
mass luminosity relation, and is given to students in the background information to 
illustrate the direct relationship between mass and luminosity. These more luminous stars 
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burn through their stellar mass much faster than their low mass counterparts even though 
they contain much more stellar mass.  
This is illustrated with the example of different types of cars in the background 
information page for ranking tasks HR9 and HR10, see Figure 6.6. The big blue main 
sequence stars are likened to heavy powerful cars that guzzle gasoline and the small red 
main sequence stars are likened to economy cars that are much lighter and less powerful 
but use fuel much more conservatively. I do not provide students with an equation to 
calculate the main sequence lifetime in the background information. 
 
 
Figure 6.6 HR diagram with vehicles, created by an artist of the UNL Astronomy 
Education group 
 
For these two ranking tasks students are presented with 4 picture-icons that each 
represent a star on the given HR diagram. Like in the previous stellar HR diagram this 
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was created using data from bright stars and near-by stars. I plotted the positions of 31 
stars using catalogue data and then highlighted five of the stars to coordinate with the 
picture icons for ranking. 
 
Figure 6.7 Main Sequence HR diagram  
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TASK 9: Consider the Hertzsprung-Russell (HR) diagram for the Main Sequence 
below, rank the mass of the stars from lowest to highest. 
 
Students are not be able to rank mass using the HR diagram without establishing 
some relationship between mass and either luminosity or temperature which is the 
information they are directly given by the plot. There is mass-luminosity equation is 
provided in the background information pages which shows that there is a direct relation 
such that the more massive a main sequence star is the more luminous it is. In solar units 
this is given as: 
 𝐿 = 𝑀0.2 (6.8) 
This value has been obtained by analyzing the luminosity and mass of stars. 
Although there is some variance along the main sequence the power relation of 3.5 is 
commonly used by astronomers for the purpose of estimation. I imagine that many 
students remember this relation or look it up in the background pages. It is also possible 
that students may happen upon the correct answer because they rank stars by either 
increasing or decreasing temperature or increasing luminosity without knowing the 
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TASK 10: Consider the Hertzsprung-Russell (HR) diagram for the Main 
Sequence below. Rank the time that each of these stars will spend on the main 
sequence – the main sequence lifetime -from shortest to longest. 
 
Students are now asked to rank the stars that they previously ranked by their mass 
by main sequence lifetime. Main sequence lifetime is inversely related to stellar mass as 
more massive stars turn hydrogen to helium at a much faster rate of nuclear reactions. 
This relation is explained qualitatively in the background information but there is not an 
equation given.  
The luminosity-lifetime relation is not as straight forward as many of the others in 
an introductory course because stars do not all have an equal percentage of their mass 
available to burn in core nuclear reactions. The luminosity of a star describes how much 
electromagnetic energy the star is gives off each second, and is therefore also indicative 
of how rapidly hydrogen fuel is being burned.  
The commonly accepted back of the envelope calculation for main sequence 
stellar lifetime is given by equation 6.9, when M and L are given in solar units. 




This is based on the main sequence lifetime of the Sun which is approximated to 
be 10*/ years, using the mass-luminosity relation (eq. 6.8) we can then simplify this 
equation as 
𝜏 = 10*/ 𝑀!".2 𝑜𝑟	𝜏 = 10*/𝐿!2 34  (6.10) 
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Because these estimations are based on the Sun’s burning of hydrogen to helium these 
equations are not good for much more than magnitude estimations. Different massed stars 
have different internal structures and different fusion processes that lead to different fates 
of fusion (Ostlie and Carroll, 2007). 
Instead I imagine students realizing the inverse relation between mass and 
lifetime and making the connection that because mass and luminosity were directly 
related lifetime and luminosity are inversely related such that they can read the stars off 
the graph in terms of most luminous to least luminous for their main sequence lifetime 
rankings.  
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CHAPTER 7 
TRANSIT MEHOD SET DESIGN 
 
In October 1995, Mayor and Queloz announced that they had discovered an 
exoplanet around the star 51 Pegasi; this was a significant discovery because it was the 
first of an exoplanet around a main-sequence star and they subsequently earned the 2019 
Nobel Prize for Physics. The method they used to detect this planet is called the radial 





Figure 7.1 Cumulative number of confirmed exoplanets and their discovery method. Of 
the 4424 known exoplanets (as of June 18th 2021) 866 have been found using the radial 
velocity method and 3372 with the transit method. (Planetary Systems, 2021) 
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As seen in Figure 7.1 there are 8 exoplanet detection mechanisms, but only 2 have 
resulted in the vast majority of detections, radial velocity and transits. The radial velocity 
method was the most prolific method of finding exoplanet until 2014 when the transit 
method (TM) took its place as the most prolific method due to the discoveries made using 
Kepler and TESS data. See Figure 7.1 for a timeline of discoveries per year and the 
discovery method. I will now briefly summarize the underlying astronomy concepts 
related to the transit method, the velocity method is described in appendix C.  
 
Transit Method Background 
 
 The transit method looks at photometric data from planetary transits. A planetary 
transit is an astronomical event in which a planet passes directly between a star and an 
observer such that the planet passes in front of the star. As the planet crosses in front of a 
star, it blocks some of the star’s light, which occurs with regular periodicity. The transit 
method is limited to systems were the observer is very near the orbital plane of the 
extrasolar planet, so that inclination is very near 90°, such that transits can be observed.  
The plot of how a celestial object’s light varies with time is called a light curve 
(see Figure 7.2). These plots are instrumental in photometric time-series data astronomy, 
and essential to investigating pulsating variable stars, eclipsing binaries or transiting 
exoplanets. The x-axis shows time linearly increasing to the right and the y-axis shows 
light intensity normalized for the star. We can learn about a transiting exoplanet by 
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studying the three primary characteristics of a transiting planet light curve: (1) transit 
depth, (2) transit duration and (3) transit frequency.  
Differently sized planets block different amounts of light as they transit, which is 
reflected in the depth of the dip in the light curve. So if a large and a small planet each 
transit the same star, the large planet blocks a greater percentage of the light and it 
correspondingly has a deeper transit depth. The size of the star also impacts transit depth. 
If the same planet were to transit a large star and a small star, it would block a greater 
percentage of the light from the smaller star. The equation for transit depth D as a 
percentage of change in brightness is given by the ratio of the surface areas of the planet 
and the star; this is given as equation 7.2. 
 Transit duration can be read by inspecting a light curve. When describing the 
transit of the planet across the surface of the star we use specific vocabulary. The transit 
starts at first contact (𝑡*) and the planet is fully over the surface of the star from at second 
contact (𝑡") to third contact (𝑡0) the transit is over at the fourth contact (𝑡)). The time 
from 𝑡* to 𝑡) is called the total transit duration and the time from 𝑡" to 𝑡0	is called the full 
transit duration. The times from 𝑡* to 𝑡"	and 𝑡0	to 𝑡) are called the ingress and egress 
durations, see Figure 7.2  
The final important characteristic of light curves that can be used to study the 
light curve is looking at the frequency with which the planet transits, which is inversely 
related to the period of the planet (often measured from the center of one full transit to 
the next). In these tasks I have employed a simplified light curve with a flay bottom that 
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ignores the effects of star spots, star shape, limb darkening and other effects that are 
beyond the scope of an introduction to light curves.  
 
Figure 7.2 Schematic of a transit light curve with the 4 contact points labeled 
(Salisbury, 2020). 
 
Exoplanets that are studied photometrically as well as spectroscopically can be 
well determined. We are able to determine an exoplanet’s radius using the depth of the 
light curve and the inclination of the planet using transit duration and from the radial 
velocity method as well as 𝑚$678&9 sin 𝑖	(see appendix C). So combining this data we can 
additionally determine the density of a planet. Early drafts of this ranking task set 
included both tasks related to the radial velocity method and the transit method I decided 
to narrow the scope of this task to just cover the transit method for a few reasons. Firstly, 
the transit method is currently the most prolific of the exoplanet detection methods, and 
secondly there is a set of Doppler ranking tasks developed by Hudgins et al. (2006) and 
then adapted by Dr. Kevin Lee as interactive ranking tasks that I would want to build on 
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in the creation of a radial velocity method ranking task set. There are no existing ranking 
tasks that directly look at light curves or transits; so this felt like a topic that could better 
add to the breath of ranking tasks made available for educators at astro.unl.edu. It is also 
a personal interest of mine that relates to some of the undergraduate research that I 




This set of tasks is built on the assumption that students have an underlying 
understanding the relationship between color and temperature for blackbodies. For 
UNL’s introductory astronomy class this material is covered before exoplanets. The 
primary objectives for this set of tasks are that:  
• Students will understand the connections between different representations of 
transits and how to interpret a light curve (TM1)  
• Students will be able to discuss comparatively how much light or what percentage 
of light is blocked in different planet-star systems. (TM2 - TM4) 
• Students will understand the relation between inclination, and transit duration. 
(TM5 - TM6) 
• Students will relate transit frequency and planet period; they will also be able to 
relate these to planet star separation using Kepler’s third law (TM9 - TM10) 
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Transit Method Introduction Task (TM1) 
 
TASK 1: Each of the icons corresponds to a moment in time from a single ESP 
transit. Rank the icons from earliest to latest.  
 
To accomplish this ranking task students need to be able to make the connection 
between a light curve (see Figure 7.3) and the picture-icons that depict the planet at 
different parts of its path across the star as this task uses both representations. I have used 
binning in the ranking task editor to ensure that students are never given two icons that 
represent the same point on the light curve; the icons are described in Table 7.1. The 
points were selected such that an ingressing planet, a planet in the midst of a total transit, 
and a planet that is not currently transiting its star are all included.  
 
 
Figure 7.3 The light curve used for TM1. 
 
  




Rank Star-planet icon Light curve icon 
1   
2   
3  
 
4   
5   
Table 7.1 TM1 Icon descriptions 
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There is no need for any type of mathematical reasoning and with the arrows on 
the planet icons and the time axis clearly labeled on the question picture, it is truly just a 
problem about understanding the relationship between two representations of the same 
event. This is an important part of helping students build a mental model of how the 
transit method works.  
 
Depth of Transit Tasks (TM2 - TM4) 
 
The equation for transit depth, D, as a percentage of change in brightness is given by 
the ratio of the radii squared of the planet and the star. It is important to note while 
looking at equation 7.2 that this proportional depth of the transit does not depend on the 
luminosity or the temperature of the star. This equation comes from the ratio of the 
fluxes. Flux is the luminosity divided by the surface area of the star, 𝐹 = :
)	<	'"
. See 
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It is also possible to calculate the depth of the light curve in terms of a change in 
flux for the observer. The change in the flux is given as equation 7.4, it is simply the ratio 
of the fluxes as given in equation 7.2 multiplied by the flux of the unobscured star.  
















Transit depth is most commonly expressed as a percentage change in flux, so the 
background information about transit depths which students have available to them 
includes equation 7.2 but not equation 7.4. 
https://astro.unl.edu/newRTs/Transits/background/Transit1.html 
 
TASK 2: Rank the amount of obscured light energy the planet blocks in each 
planet-star system from least light blocked to most light blocked. 
 
This task features the star-planet icons, with variation in the color of the star and 
the size of the planet. The size of the star does not vary in the icons. The icons are 
included in Table 7.2 below. Students are asked to rank the amount of obscured light and 
are provided with the luminosity equation (equation 6.3). Ranking the for the amount of 
light blocked is equivalent to ranking how much light energy the star produces that we 
can’t see because it is being obscured by the transiting planet. Students can rank the icons 
based on their understanding of the luminosity equation. A hotter star gives off more light 
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energy per unit of surface area and a larger planet blocks more of the surface area, and 
consequently, more of the light.  
This is also described by equation 7.4, which students are not provided in the 
background information because they do not need to compute the actual values of change 
in flux and they are not provided values for the radius either body or the temperature of 
the star. I expect students to complete this task by comparing the obscured luminosity 
during a total transit, using the luminosity equation and proportional reasoning as 
presented in equation 7.5.  
 𝐿?B#>C'&A ∝ 𝑅$678&9" 𝑇#97')  (7.5) 
Students should be aware that temperature is proportionally a more important 
consideration than radius while considering the obscured light.  
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Rank  Star-planet icon Star Planet 
1  Red Small 
2  Red Large 
3  Yellow Small 
4  Yellow Large 
5  Blue Small 
6  Blue Large 
Table 7.2. TM2 icon descriptions. 
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TASK 3 and 4: Rank the percentage of light blocked in each planet-star system 
from least light blocked to most light blocked. 
 
Tasks RT3 and RT4 both ask students to rank the percentage of light blocked in 
each planet-star system. So these tasks differs from task RT2 in that they are looking for 
the percentage of the light blocked rather than the amount of light energy that is blocked. 
In this situation the temperature of the star does not matter, only the ratio of the surface 
areas of the planet and the star affects the percentage of light blocked. This is governed 
by equation 7.2 which I have derived above.  
For task RT3 I remove stellar temperature as a variable, and use as icons the star-
planet icons which vary in planet size and in star size. For task RT4, stellar temperature, 
stellar radius and planet radius are all variables. These are essentially the exact same task.  
Some of the rankings should be very straightforward to make, a small planet with 
a large star has a significant part of its light energy obscured, and a large star with a small 
transiting planet only has a small portion of its light energy obscured. Students may 
struggle to compare a medium star with a small planet and a large star with a large planet. 
(see icons 2 and 3 in Table 7.3) Because the given numerical values for the radii, 
obscured light is evaluated solely by a visual approximation of percentage of surface area 
visible.  
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Rank  Star-planet icon  Star Planet 
1  Large Small 
2  Large Large 




5  Small Large 
Table 7.3 TM3 icon descriptions. 
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Rank  Star-Planet Icon Star Planet 
1 
 
Large Blue Small 
2 
 
Large Blue Large 
3  Medium Yellow Small 
4  Medium Yellow Large 
5 
 
Small Red Small 
6  Small Red Large 
Table 7.4 TM4 icon descriptions. 
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Duration of Transit Tasks (TM5 - TM6) 
 
Computing any version of the transit duration requires knowing the inclination i 
or impact parameter b of the transiting planet’s orbit, from the point of view of the 
observer. Student in UNL’s introductory astronomy class only use inclination; a planet’s 
inclination is defined as 0° for orbits observed “face-on” and 90° for orbits observed 
“edge-on.” See Figure 7.4 for the geometry of a transit which includes an observer, which 
is depicted as an eye on the right side of the image.  
The impact parameter can be defined as the distance between the center of the 
stellar disk and the center of the planetary disk at conjunction, or the vertical distance 
from the center of the star to the transit path the planet appears to take across the disk of 
the star. The impact parameter is 0 for a planet with an inclination of 90° that appears to 
cross over the center of the stellar disk, and 1 for a planet that just passes over the cusp of 
the disk. If we assume a circular orbit, the equation for impact parameter is given as 
equation 7.6. It is also presented in Figure 7.5, a is the semi-major axis of the planet and i 





While I do not explicitly ask students about the impact parameter, in TM6 when 
students rank the inclination of the orbits based on icons of the planet transiting the stellar 
disk, they inadvertently rank the inclination using the impact parameter. In the sense that 
students have to rank the icons from planet transits farthest from the center of the star to 
those nearest the center.  




Figure 7.4 A transit geometry diagram, as seen from another perspective. (Wilson, 2016) 
 
 
Figure 7.5 A transit geometry diagram, as seen by the observer which shows the impact 
that a planet’s orbital inclination has on the transit duration. (Wilson, 2016) 
 
   98 
Using this geometry it is also possible to calculate transit durations. We can find 
the transit duration by multiplying the fraction of the total orbit the planet must travel to 
accomplish a full transit or total transit. The calculation of a full transit duration is shown 
below. It refers again to Figure 7.4 and Figure 7.5. For the simplified case of a circular 
orbit the total distance a planet travels in an orbit is 2𝜋𝑎 and the arclength of 𝛼𝑎 gives the 
arclength of the planet’s full transit. This angle can be calculated using the Pythagorean 
Theorem and the inverse trigonometric functions. This equation for the full transit is 
given as equation 7.8. This technique can be used to determine the equations for the time 
to complete any part of the transit. (Wilson, 2016) 
Because the focus of this set is more about the conceptual understanding of how 
the transit method works for finding exoplanets than computing the characteristics of 
these exoplanets. I have not included equations for transit durations or the method for 
their derivations in the background information. Instead I have created a graphic that 
shows the relationship of the shape of the light curve and the inclination (or impact 
parameter) of the exoplanet’s orbital plane. This is included as Figure 7.6. 
This background information about inclination and transit duration provided to students 
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TASK 5: Each graphic represents an identical star-planet system with a different 
inclination. Rank ingress duration using the light curves below from shortest 
duration to longest duration. 
 
 Students in my test population, in an introductory astronomy class at UNL, are 
likely be familiar with the vocabulary of full transit duration or total transit duration, but 
are unlikely to be familiar with the term ingress. Asking a question with the term ingress 
will demonstrate what students do with a problem that they don’t immediately know the 
answer to. After determining what ingress is the light curves are relatively simple to rank.  
Students are told that each graphic represents an identical star-planet system with 
a different inclination, this may be helpful to students in realizing that the total duration 
in each of the light curves is not the same. Figure 7.6 is available to students in the 
background information and can help them visualize ingress. It is neither expected nor 
desirable that students try to derive an equation for the ingress duration. Instead it is my 
intention that students compare the slopes and notice that some planets take longer than 
others to go from first to second contact by looking at the light curves. These light curves 
are described in Table 7.5.  
 This is another task that students could solve through pattern matching rather than 
by an understanding of the relationship between inclination and ingress or ingress and the 
light curve. But in combination with task 5 and 6 in concert I hope that students build a 
mental model for transits that includes inclination. 
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Figure 7.6. The relationship between inclination and light curve shape. The blue planet 
(i = 90°) and the red planet (i < 90°) are the same size, but the red star has a longer 
ingress and egress times and a shorter total transit time than the blue planet. 
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TASK 6: Rank the inclination using the pictures below from least inclined to most 
inclined. 
 
Using the transit method we only see the transit of planets whose orbital planets 
are very near to 90°, but there is a small range of inclinations that allow us to see transits. 
This task asks students to look at where on the stellar disk the planet appears to transit 
and then to rank planets by their inclinations. This can be done by thinking about the 
impact parameter, the impact parameter is 0 for a planet with an inclination of 90° that 






Table 7.5. TM5 icon descriptions. 
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appears to cross over the center of the stellar disk, and 1 for a planet that just passes over 
the cusp of the disk. Students in introductory astronomy at UNL never explicitly learn 
about the impact parameter, but they can solve this question knowing that if a planet path 
appears to cross the center of the planet it is oriented “edge-on” and has the maximum 
inclination of 90°, then visualizing what inclination is and how that would affect where 
the planet appears to be as it transits.  
The icons in Table 7.6 are very similar to the icon than students use in previous 
tasks, but in this icon the transit paths are drawn on as straight lines rather than a curved 
path. This is a better representation of what transits in general look like from the point of 
view of the observer. ( For example, what is seen when Venus transits the Sun.) However 
the planet-star systems that we are looking at for exoplanet discovery all appear to be 
point sources as seen from Earth.  
 











Table 7.6. TM6 icon descriptions. 
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Frequency of Transit Tasks (TM7 - TM8) 
 
One of the crucial indicators that the data is indicative of an exoplanet is the 
periodicity of the transits, as well as a symmetric shape. If there is regular periodicity but 
an irregular shape to in the light curve, the star is considered a variable star candidate. 
The period can be determined by using the light curve to see how long it takes the planet 
to orbit the planet once. This is often measured from the center of one full transit to the 
next. 
We can also use the period to the determine distance between the planet and the 
star using Kepler’s third law (equation 7.9) which states that the period squared is 







Equation 7.10 gives the relationship between the period of a planet’s orbit and the 





The type light curves used in tasks 1 and 6 are created by collecting data over 
many periods and then stacking them to create a nice light curve. To demonstrate this I 
use the system KIC 006922244 photometric time series data as downloaded from the 
Kepler 2 archive. See Figures 7.7(a-d) This was done in Python using the student lab 
“Planet Hunting with Python” from the University of London as a starting point (Archer 
2018). In Figure 7.7b we see data in the form that it is presented in task 8, after folding 
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the data using the period we have the data layers in a single transit as we have seen in 
TM1 and TM5. TM8 asks students to interpret some Kepler data which allows them to 
look at plots with several transits indicated, and draw some conclusions about the planets.  





(a) Raw data from KIC 006922244 plotted 
with time in days on the x-axis and normalized 
flux on the y-axis.  
(b) Truncated data to isolate a few transits 
to try and estimate the planet’s period 
 
 
(c) Data is now shifted so the first transit 
occurs at P/2, then I divided time by the period 
using the mod operator, and centered it at t=0 
by shifting everything over by P/2 with initial 
P estimate.  
(d) the “folded” data once I have 
determined that the period is 3.522 days.  
Figure 7.7 How light curves are built from raw Kepler data KIC 006922244 
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TASK 7: Rank the frequency of the transits for the systems shown from least 
frequent to most frequent. 
 
In this task students are resented with 4 “face-on” icons that each represent an identical 
planet orbiting around an identical star. These icons are given in Table 7.7. The only 
thing that varies in each of the icons is the distance between the planet and the star. 
Students are then asked to rank the frequency of the transits. In the background 
information are given Kepler’s third law so that they can draw out the relation between 
the semi-major axis a and the period. They are also given that the period is inversely 
related to the period, the conclusion can then be drawn that there are fewer transits for a 
planet that is farther from its star. This is why astronomers disproportionally find large 
stars very close to their stars known as “Hot Jupiters”.  
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Table 7.7. TM7 icon descriptions. 
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TASK 8: Rank the distance between the planet and the star it orbits from shortest 
to greatest distance using the Kepler light curves. 
 
This task asks students to look at 3 light curves constructed with Kepler data and 
then rank the distance from the planet to the star. I initially wanted to include 4 light 
curves but due to the horizontal arrangements of icons for tasks in the ranking task editor 
it was not possible to include more and for the plots to still be readable. Students on 
laptops should have no problem with this task; but the plots may be difficult for students 
on smart phones or tablets. When I did the initial worksheet version of the TM set in the 
fall of 2020 I arranged the light curves vertically and that appears to be a better solution.  
To compare the light curves students should be able to look at the x-axis, or 
comparative the spacing between the transits to determine something about the period of 
each of the planets and then can use the Kepler’s third law relation to draw conclusions 
about the semi-major axis. The numerical values for each plot are given in Table 7.8 
below, and the plots are given in Table 7.9. Note that in Table 7.8 the binning is 
indicated, along with the physical characteristics of the exoplanets. I have used binning 
because there are several exoplanets with very similar periods like Kepler- 4b and Kepler 
6-b. Looking at the plots of those exoplanet it is very difficult to distinguish any 
difference. By using the binning feature of the ranking task editor I can ensure that 
students don’t have the light curves for these two exoplanets in the same task. 
Specification of distinct bin properties is a point of major scrutiny in randomized RTs as I 
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want to prevent ambiguity. This helps keep the task more about the concepts of 
comparing the periods to then rank the semi-major axes and less about squinting to 
determine the exact period.  
The transit light curves I am using are adapted from a NASA outreach worksheet 
called “Transit Tracks” (https://www.nasa.gov/kepler/education/formal/transittracks) 




Semi-major axis (km) Frequency of transit bin # 
1 2.27 5319700 0.440528634361233 1 
2 2.20 5669759 0.454545454545454 1 
3 4.89 7928687 0.204498977505112 2 
4 3.21 6818671 0.311526479750779 3 
5 3.55 7575636 0.28169014084507 4 
6 3.23 6832135 0.309597523219814 3 
7 4.89 9310971 0.204498977505112 2 
8 3.52 7225577 0.284090909090909 4 
Table 7.8 Characteristics of the Kepler light curves.  
 
 




Table 7.9a Kepler light curves 1-4. 
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Table 7.9b Kepler light curves 5-8.  




The findings of this paper are rooted in the coded transcripts. While I omit the 
complete transcripts due to length and privacy concerns, I have included segments of the 
coded transcripts which illustrate either unique examples or representative samples of 
how students approached a ranking task. Though illustrative, these transcripts in no way 
represent all of the possible ways students could respond to the ranking task.  
 
Hertzsprung–Russell Diagram Set Results 
 
I have 6 student interviews for each of the 10 Hertzsprung–Russell (HR) diagram 
tasks. Students 1 and 4 had completed the tasks prior to our meeting. These students’ 
protocols are considered, but their responses will not weigh heavily in my conclusions. 
This is due to the inaccuracy of retrospection as it relates to cognitive processes as 
discussed in chapter 4.  
Some of these tasks, as previously mentioned were primarily used to scaffold 
more difficult tasks, as such I do not discuss HR3, HR4 or HR6. All the students 
correctly ranked these tasks on their first attempt, students did not have any difficulties 
with HR4 or HR 7 related to the common misconception that temperature always 
increases as you move to the right on a plot as I expected after reviewing the work of 
Airey and Eriksson (2019). As there were no points of confusion, so I find no need to 
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discuss these tasks here. In this section I also differentiate between students struggling 
with concepts and struggling due to the design of the tasks.  
 
Hertzsprung–Russell Diagram Task 1 (HR1) 
During the first task of the luminosity sequence students had not yet eased into the 
process of “thinking-aloud.” They hesitated more and verbalized less than in the later 
tasks. While there were not long pauses, they clearly did not say aloud all of their 
thoughts. There were also some simple intermediary steps that were difficult to narrate. 
For most students it is apparent that 2) < 3) so there were not verbalizations of these 
intermediary steps.  
Students used 3 different types of assessment rules to approach this problem. To 
illustrate the three different rules used, I examine fragments of the verbal protocols for 
Students 3, 5 and 6. Using rules defined by Siegler (1976), Student 3 used a type II rule, 
while Student 6 used a type III rule and Students 1 ,2 ,4 and 5 did not use purely 
comparative reasoning, but instead all performed computations using the Stephan-
Boltzmann luminosity equation, essentially side stepping ranking by solving for each 
icon's luminosity individually and then ranking them.  
I first examine a portion of the transcript of Student 3 while they performed HR1. 
This coded transcript fragment with action protocols is included as Table 8.1. Note that 
some of the actions happened before the verbal, some simultaneously, and some after, but 
were coded with the action protocol to which they were the connected most closely. 
Codes are listed in Table 5.4.  
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In the first (HR1.ST3.1-2) lines Student 3 establishes what was asked for and then 
determines the provided information given (HR1.ST3.4 - 5). It appears that the student 
used the background information to determine what the R and T symbols used on the 
icon indicated. The student used an embedded simulator found in the background 
information 
(https://astro.unl.edu/newRTs/Luminosity/Background/HR_Luminosity1.html) to explore 
and determine the relationship between radius and luminosity (HR1.ST3.7) and then 
temperature and luminosity (HR1.ST3.8). The student then determined - in a way that is 
not verbalized - that radius is the more significant variable in determining the luminosity 
of a star (HR1.ST3.10-12). The student first ranked all the objects by radius from 
smallest to biggest and then appeared to check that the temperatures were ranked within 
the radius groups. This rule is diagrammatically presented in Figure 8.1a. Upon getting 
the answer wrong the student revisited the simulator and then decided - again in a way 
that was not verbalized - that temperature is actually more important while ranking 
luminosity (HR1.ST3.15-16). This new assessment rule is shown in Figure 8.1b. Both of 
these assessment rules are type II rules in that they only establish a relationship between 
radius and luminosity or temperature and luminosity. 
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Figure 8.1 (a-b) Logical models of the rules used by Student 3 to rank HR1  
 
 
Figure 8.2. Assessment rule used by Student 6 to rank HR1 
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Student 6 took a more nuanced approach to the problem. They started with the 
steps of identifying the given information (HR1.ST6.1), determining what is asked for 
(HR1.ST6.2), and reflecting that they would know how to solve the task if only they 
knew what the luminosity equation was. They then went looking for the equation online. 
(HR1.ST6.3-12) This student’s protocol from here on is displayed in Table 8.2. They 
started ranking by considering just the temperature; the icon with 𝑇 = 1𝑇#C8 as least 
luminous (HR1.ST6.15) and the icon with 𝑇 = 3𝑇#C8 as most luminous (HR1.ST6.18). 
But then when looking at the two stars with temperature 𝑇 = 2𝑇#C8 , the student realized 
that they are not sure if they should rank the star with 3𝑇#C8 and 1𝑅#C8 or the stat with 
temperature 2𝑇#C8 and 3𝑅#C8 as the most luminous, as depicted in Figure 8.3. Student 6 
ultimately resolved this by what Siegler would call “muddling through:” by guessing. 
(HR1.ST6.25) which resulted in the wrong answer – then they tried the problem again 















Figure 8.3. Sticking point for HR1.ST6; the left star has a luminosity 
of 81𝐿#C8 and the right a luminosity of 144	𝐿#C8 
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All of the other students took a more computational approach. Students 1 and 2 both used 
a calculator to calculate the luminosity of each icon before ranking them, while Students 
4 and 5 did not use a calculator but used the same approach. Students 4 and 5 also made 
the rankings as they completed the computations. They both made a comment like “this 
would be the lowest because it would just be one and one” (HR1.ST4.4 and HR1.ST5.3) 
Only Students 3 and 6 did not get the answer correct on their first try, and they were also 
the only two students who looked at any background materials.  
 
Hertzsprung–Russell Diagram Task 2 (HR2) 
Students 1 and 2 used an entirely computational approach rather than using any 
assessment rule and as a consequently the protocols of these students were nearly 
identical. The students solved the luminosity equation for radius, decided that they could 
drop out the constants, calculated the radius once for each icon and then ranked the 
solutions.  
Student 2 states “R equals the square root of L over four pi constant T to the 
fourth” (HR2.ST2.6) and then: “so then, I will just plug this in to my calculator for each 
one. ” (HR2.ST2.8) The student followed up with the additional comment of “although 
since it is a constant I might be able to do this problem without it” (HR2.ST2.12). Later 
during the interview this student also said “I don’t know if the first problems really made 
sense as ranking tasks ,” because it felt like they were doing 4 different problems, rather 
than really comparing and ranking the stars.  
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Student 4 started the same way by solving the luminosity equation for R and then 
using proportional reasoning. Since the student gave the answer as a retrospection, I do 
not include this in evaluating my model. Students 3, 5 and 6 took more of an approach 
based upon assessment rules. Student 3 really struggled with this problem, but both 
Students 5 and 6 were able to come up with a rule that worked for them. This assessment 
rule is depicted in Figure 8.4.  
 
 
Figure 8.4 An assessment rule developed by Student 5 while completing HR2.  
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The assessment rule used by Student 6 was essentially the same, but the student 
started with temperature, in the end the two assessment rules are the same because they 
both came to the conclusion that “so whichever one has a high temperature and a low 
luminosity is going to be a smallest radius” and vice versa. (HR2.ST6.6) In this example I 
purposely did not choose examples that could not be evaluated by these type III rules, so 
there was never any “muddling” done by these students.  
Student 3 struggled with HR2 task and was not able to develop an assessment rule 
that worked. This student took the same initial approach as they did in HR1, using the 
simulator in the background pages to establish a relationship between the luminosity and 
the radius as well as the temperature and the radius. While, they recognized that 
luminosity increases with radius (HR2.ST3.5), they concluded that radius increases with 
temperature (HR2.ST3.6), which is not true. Rather, at constant luminosity, temperature 
and radius are inversely related. The student checked their rule with the simulator and 
tried again twice more, they grew frustrated and decided to move on to the next task. 
After the interview when asked about it they said: 
“Yeah, I still am a bit confused. I just understood it, because I got it wrong 
enough times that I figured it out. I thought, well, let’s look back at the 
background. Because when it comes to like these kind of equations I had no idea. 
I was just trying to figure out what in terms of … because it's asking for in terms 
of radius. So I just assumed that the bigger luminosity and bigger and same with 
the temperature, but yeah so I’m not entirely certain on how to do this one, to be 
honest.” (Student 3 after the HR interview)  
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The way this reflection on the task starts, makes it seem like they are saying that 
they figured out how to do the task by getting in wrong a few times, but right at the end 
they say that they don’t know how to do this one. And that they still have the 
misconception that as temperature increases the radius increases for the same luminosity. 
Student 3 was the only student to use the background pages and relied upon them as the 
primary way to finding the relationships between variables. The other five students got 
the problem right on their first attempt.  
 
Hertzsprung–Russell Diagram Task 5 (HR5) 
Due to my own error, the first three students who did the ranking task interview 
received the early version of the HR diagram for this task while Students 4, 5 and 6 got 
the then current version of the diagram. Compare Figures 6.2 and 6.4. I do not believe 
that the version of HR5 helped or hindered the students as the two students all but two 
students struggled with the task and they took the different versions.  
Even if students had the correct understanding that radius increased from the 
bottom left of the HR diagram to the upper right, the slope of the isoradial lines was 
nebulous to Student 2, Student 4, and Student 6 who all then made educated guesses. 
Student 2’s protocol is included in Table 8.3.  
Student 2 guessed that because the luminosity axis was logarithmically scaled that 
B was larger than D and got the problem wrong on their first attempt. (HR5.ST2.7) I have 
included their protocol in Table 8.3. They first establish the relationship between radius 
and luminosity (HR5.ST2.3) and radius and temperature (HR5.ST2.4), just as several 
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other students did in their protocols for HR2. Then tracing out the directions in which 
radius increases for each of these variables – up with luminosity and to the right with 
decreasing temperature, they then drew the line of how radius increases from the bottom 
left of the plot to the upper right. (action protocol - HR5.ST2.5) But then the actual 
ranking is still a challenge (HR5.ST2.7), The student does not seem to be paying 
attention to the direction that radius increases in subsequent attempts, as much as finding 
the correct answer.  
After the interview, Student 2 had insightful comments about this task adding that 
they could have solved it mathematically reading values from the graph, but that they felt 
like that was not the point of the task: 
“I struggled with this one – with radius. I just know that equation that luminosity 
is the Boltzmann constant times four pi R squared times the temperature to the 
power four, and so I could have like estimated values for these and solve them 
mathematically, but I thought that the point was more to get it … get the 
understanding of the graph rather than just because the questions up here (task 1 
and task 2) are more towards the equations.” (Student 2 after HR interview) 
They added that they had solve the equation for radius so that they could look at it and 
think about the effect that luminosity and temperature have on radius. They solved this 
equation while working on HR2: 
“I just real quick went and solved [the luminosity equation] for radius because it's 
not a very complicated equation, and …. it kind of let me have a better idea in my 
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head just being able to look down at it at what the like what would impact radius 
more if changed.” (Student 2 after HR interview) 
The student blamed the axes more than the position of the stars for the confusion they 
felt.  
“And then, what was messing me up was more just the scale because no matter 
how much I've worked with these unless I go through and plug in the values the 
scale will always mess me up just how it's exponential on this side and then 
reverse linear on this side like linear and decreasing order.” (Student 2 after HR 
interview) 
Student 4 in the discussion after the ranking tasks stated that when they first got to 
this problem they did not know what they were doing. They thought back on HR2 and 
how the radius connected to luminosity and how it is connected to temperature, so they 
knew the radius was going to increase from the bottom left to the top right. But they also 
originally got the problem wrong. 
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Student 6 got the answer correct, but almost switched B and C because they 
looked like they were on the same isoradial line. They were able to make a logical guess 
using their understanding of the luminosity equation. Student 6 was happily surprised 
when they were right. A segment of that protocol is included in Table 8.4. Students 1 and 
5 was also able to correctly rank the stars by picturing where they believed the isoradial 
lines to be.  
 HR5 is the graphical version of HR2. Students are given the temperature and the 
luminosity and asked to rank the radius and saying that the temperature increases from 
bottom left corner to upper right is consistent with the assessment rule described in 
Figure 8.4. But the figure did not do enough to help students “muddle through.” The fact 
that half of the students felt that there was ambiguity means that the task needs to be 
further refined. Also, the background pages need additional resources to help students 
understand how the HR diagram contains information on the radius of stars. Note that 
none of the students checked the background while going this task, although Student 1 
did check their notes. A possible improvement would be to change the position of the 
stars to remove the ambiguity. This could be done by following the example of the 4th 
luminosity ranking task that was developed by David Hudgins, Kevin Lee, and Edward 
Prather and is included as Figure 8.5. However, it is possible to rank the stars in Figure 
8.5 correctly with an incomplete understanding; if the student understood either that 
radius if proportional to luminosity or that radius in inversely proportional to 
temperature, but did not understand both, they would still get the right answer (see 
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HR5.ST3.4). Another option would be to add isoradial lines to the HR diagram, but this 




Figure 8.5 Possible redesign of the simple HR diagram to alleviate confusion 
(astro.unl.edu) 
 
Hertzsprung–Russell Diagram Task 7 (HR7) 
The main flaw of HR 7 was that there were stars whose temperatures that are too 
similar for a conceptual ranking task. Proxima Centauri and Betelgeuse or the sun, and 
Polaris have very similar temperatures. For this reason, Students 1, 3, and 6 struggled to 
differentiate these stars’ temperatures. “I did the Sun before Polaris, even though it looks 
like they're kind of in a straight line” (HR7.ST1.4-5) This task would be improved by 
choosing different stars to populate so that the stars’ temperatures are easily differentiable 
just by looking at the diagram. I will address this shortcoming in the next chapter.  
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Hertzsprung–Russell Diagram Task 8 (HR8) 
Ranking the radius using stellar data seemed easier for students than ranking the 
radii in HR3. The two students who struggled on that task continued under the same 
misconception they had while evaluating HR 3. The other four students had no 
difficulties with this task. 
A possible reason this task was easier is that this HR diagram had enough stars for 
students to use the main sequence as a way to orient isoradial lines. The slope of the 
isoradial lines is just a little shallower than the main sequence steeper and steeper than 
the horizontal branch (see Figure 8.6). However, slope of the isoradial lines on HR 
diagram appears differently on different HR diagrams because of the scaling.  
There are two different strategies that could be used to help students with this 
confusion (1) including isoradial lines on the diagram and (2) selectively choosing stars 
to avoid confusion. However, because of how crucial it is to include several main 
sequence stars in a stellar HR diagram the former is not a viable option. And I not sure if 
it is necessary to include the isoradial lines as students have the “guideline” from the 
background main sequence stars, which can be discussed in the background (which was 
not accessed by any of the students performing this task)  
While working to rank the stars in HR8 two of the students struggled to compare 
main sequence stars. One student hesitated between the radii of Sirius and the Sun, 
(HR8.ST4.6), and the other student hesitated between the Sun and Proxima Centauri. 
(HR8.ST2.8) I could also imagine a situation in which a student would hesitate between 
Sirius and Achernar.  
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Figure 8.6 An HR diagram with isoradial lines, which is scaled as a log-log plot (Vogt, 
2021) 
 
But if students assume that the isoradial lines are parallel to the main sequence, 
then every “normal” hydrogen fusing star would have approximately the same mass as 
the Sun; and students should know of main sequence stars that are larger and bluer or 
smaller and redder. I made an effort on the diagram to choose stars that I believed 
students might be familiar because they are either very bright, very close or both. But the 
students’ schema relating to what they know about stellar populations, how to interpret an 
HR diagram and the luminosity equation are not necessarily well combined into a 
resilient mental model.  
Once again, I think it is the scaling of the plots that is adding confusion for the 
students. “It is tough estimating with how these scales work …both of them are all little 
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wonky.” (HR8.ST2.15) and “There's like the radius sometimes just looking at the graph 
is kind of hard to gauge, like some of the close calls. But. uh I .. I tried it once and then I 
got it wrong, and then I went back to the background read through it and then try that 
again.” (Student 4 after HR interview)  
An important change that will be made in this task, is that both axes should be 
logarithmically scaled. In the version that students took, the x-axis was linearly scaled, 
which meant that the isoradial lines would not be straight (see Figure 8.7). No students 
vocalized their concern that it was not a log-log plot, so it is difficult to know how much 
this contributed to their confusion. But as students did not vocalize this specific concern 
it is difficult to know how much this effect contributed, so on the updated version of the 
HR diagram I scale both axes logarithmically as seen in Figure 8.6.  
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Figure 8.7 A single iso-radial line plotted on a reverse linear-log scale, created by the 
author in Mathematica 
 
Hertzsprung–Russell Diagram Task 9 (HR9) 
Students were even more uncertain about how to determine their assessment rule 
while performing this task. While solving HR 9, many students chose pattern matching or 
guessing and using feedback rather than develop assessment rules to complete the task. 
Student 2 misranked the tasks such that they were ranked from most massive to least 
massive without verbalizing any assessment rules or relations that would have explained 
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able to get the answer correct on their second attempt (see Table 8.6). Student 5 also did 
not verbalize any rule, so it is difficult to know if they had an assessment rule in mind or 
if they just guessed the right answer. Only Student 4 went to the background information 
to look for guidance.  
This task only included main sequence stars, so some students developed rules 
that only apply to main sequence stars but are not generally correct. This is a fact that 
none of the students commented on, so I worry that they may think that the rules that they 
established to rank these stars may apply to any stars. This is a misconception that they 
might have had reinforced while attempting this task. Since there was no verbalization 
about the understanding that mass on the main sequence can be determined by looking at 
either the temperature or the luminosity, it is difficult to know if students would try to 
apply these rules to stars outside the main sequence. There was little verbalization for this 
problem, but it seems that Students 1 (HR9.ST1.7) and 4 (HR9.ST4.4-5) established type 
1 rules that indicated higher temperature meant higher luminosity. Student 6 (HR9.ST6.3-
5) established a rule to say that higher luminosity corresponds to higher mass but was not 
very confident about their assessment rule (see Table 9.5). Only Student 3 explicitly used 
the graphical relation that the mass increased as the stars moved up and to the left. 
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Students 2 and 6 approached solving this tasks in ways that did not occur in the 
paper versions of the ranking tasks I evaluated in the Fall of 2020. Student 6 used the 
feedback from submitting an answer to gather information. As there was no risk 
associated with submitting a wrong answer, they could guess and learn from the 
feedback. The long pauses and much hesitation of Student 2 seemed to indicate that the 
first try was a tentative guess. After seeing how the answer was wrong, they then 
approached the question with confidence. After performing the ranking tasks, Student 2 
said, “when I’m working through the ranking tasks that are given to me in class since 
there's unlimited attempts, unless I feel I don't understand why I got something wrong, 
then I would rather just take another attempt to kind of learn from my mistake that way.” 
 
Hertzsprung–Russell Diagram Task 10 (HR10) 
 This task prompted many students to reach for the background information. In the 
post think-aloud protocol half of the students expressed they had not yet learned the 
material needed for HR10 in class. Their professor confirmed that the material had, 
indeed, been covered. Regardless these students had not incorporated this information 
into their metal schema. “didn't I don't think we ever really talked about this much in 
class, so I was a little bit confused on how to do this one, but this one, the ranking tasks 
kind of helped me figure out like where they would be putting why so yeah that's what I 
did for that one.” (HR10.ST1)  
Students 3, 4 and 5 all accessed the background materials to assist them in the 
ranking process and then used a type I rule. Student 1 figured the problem out by ranking 
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it several times, but due to the retrospective nature of their interview we cannot more 
closely evaluate this process. Student 2 was happy to resolve the answer with a “total 
guess” and only Student 6 already know the relationship between mass and luminosity to 
solve the question. However, during the process of solving the problem or after verifying 
that they had the correct answer, every student had verbalized the idea that mass and 
lifetime were inversely related.  
 
Transit Method Results 
 
The Transit Method benefited from the early opportunity I had to collect data with 
students in the Fall of 2020 and revise the tasks. Because of this, I included two 
additional tasks about transit depth as this was a concept that students found difficult. I 
also added mixed representations to the first task as students were not making the 
connections between the light curve and planet-star icons. The icons were also modified 
for clarity.  
As with the HR tasks, there were several students including 1 and 4 who had 
completed the tasks before the interviews. Instead of thinking-aloud through the 
interviews, they retrospectively explained how they had ranked the task. We have verbal 
protocols from nine different students, four of these students had already participated in 
the HR diagram interviews. The transit method ranking task set has 8 tasks that are 
divided into three main groups as discussed in chapter 8.  
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Transit Method Task 1 (TM1) 
This ranking task has both the light curve and planet star icons. All but one of the 
students were able to get the task without much difficulty. The most common approach 
was to rank the star-planet icons first and then try to fit the light curve icons. This method 
was well verbalized by Student 9 and their transcript is included in Table 8.7. Another 
approach was to consider the position of planet horizontally on the light curve or the star 
icon. This first method is well verbalized by Student 9. In Table 8.7 I have included 
protocol TM1.ST9. In the first segment they establish that time goes from left to right 
which simultaneously establishes the relationship between what is given, the horizontal 
position on the icons and what is asked for, a time ranking. In (TM1.ST9.2-3) the student 
ranks the extremes, that are before and after the transits which are star-planet icons and 
then ranks the two central icons which are light curves. (TM1.ST9.4). 
Student 8 struggled with the task and ultimately resolved their confusion by 
seeing what the answer was after getting the last incorrect twice. After the interviews 
they said, “after getting it wrong, … it made more sense because… it showed me where it 
was supposed to go in the graph like you know where the placement of it was, and so, 
then it was it helped me like place where the rest of the stars, what with the chart on the 
top.” Student 8 used language about light curves to describe ingress and obscured light in 
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Transit Method Task 2 (TM2) 
This task connects to the luminosity equation which covered 3 weeks prior to the 
transit method in their class. Four of the students in the test group for the transit method 
tasks participated in the luminosity and HR diagram think-aloud interviews. 
 All but Students 8 and 9 took the same approach of ranking first by temperature 
and then by radius. Some students even cited the luminosity equation included in the task. 
Some of the students did not remember which color of star was the hottest (TM2.ST10.1-
3). I expected students to know the relation between stellar color and temperature, so I 
did not provide any explicit reference to black body diagrams or Wien’s law. It would 
have been helpful to include background information on black bodies and Wien’s law. 
Students 8 and 9 ranked first in terms of radius.  
 I have included Student 6’s protocol as a typical example. In this protocol, the 
student formed a type III assessment rule (see Figure 9.8). As they first look at the 
temperature of the star, then the radius and then do some deliberations (TM2.ST2.6- 8). 
Students 1, 2, 4, and 7 were a little less descriptive in their methods and could have also 
been using a type II rule to the same effect. 
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Figure 8.8 An assessment rule developed by Student 6 while completing TM2. 
 
Transit Method Task 3 (TM3) 
The primary difference between TM2 and TM3 is that TM3 asks for the 
percentage of light blocked rather than total light blocked. Also, in this task, no color 
information is given so as to not serve as a distractor. Only the size of the planet and the 
size of the star vary. Students 2, 6 and 7 struggled to compare the icons. The sticking 
point for all three of these students was trying to compare the icon with a medium star, 
small planet and the icon with a big star and big planet (see Figure 8.9). Again, students 
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used a type III assessment rule, like those seen before, with the variable of stellar radius 
and on the other is the planetary radius. These three students struggled with the “muddle 
through” step. Perhaps these students found it difficult to visually estimate the ratio of 
stellar disk to transiting planet without numerical descriptors, the comparison of the icons 
in Figure 8.9 is just a geometric proportional reasoning question.  
Student 7’s protocol is included in Table 8.9, for ease of recording the action 
protocols I use “sS” to mean small star, “mS” to mean medium star, “bS” to mean big 
star, “sP” so mean small planet and “bP” to mean big planet.  
In the interview protocol it is apparent that Student 7 has no problems with the 3 main 
paths of a type III rule, which is provided in Figure 8.10.  
(1) Same stellar radius and bigger planet radius means more light blocked 
(2) Smaller stellar radius and same planet means more blocked  
(3) Smaller stellar radius and bigger planet radius means more light blocked. 
The difficulty is again that the “muddle through” is still not well defined to students with 
a level IV rule for situation in Figure 8.9.   
 
 
Figure 8.9. Sticking point for HR3.ST7 It is difficult for some students to visually 
estimate which planet covers a larger fraction of their respective sun. 
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Figure 8.10 An assessment rule developed by Student 7 while completing TM3. 
 
Transit Method Task 4 (TM4)  
Ranking task TM4 builds on TM3 by including information about each star’s 
color. While a star’s color is irrelevant in this task, this question was added to the set in 
order to help students realize that the only factors affecting the percentage decrease of 
light as the planet transits is the ratio of the stellar disk to the planet’s shadow. The actual 
question is the exact same. This was a challenging task for students who appeared to be 
under the impression that they were now combining the ideas of tasks TM2 and TM3. 
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Several students were able to determine that color did not actually matter. Here I have 
included the protocol of Student 1, even knowing that it is a retrospective because it 
illustrates that they did not have a correct assessment rule as they approached the ranking 
but were still able to get the correct answer because of the randomization of the tasks. 
Unfortunately this can give confidence and add support to the misconception.  
 
Transit Method Task 5 (TM5)  
TM5 asks students to rank ingress, a term that had not been presented in any other 
context of the class, so it is not expected that they are familiar with the term, they are 
however expected to be familiar with the concept. Students either went to the background 
information for a definition or went on without knowing what the word’s meaning. Table 
9.3 shows a summary of how students defined ingress. Their definitions reflect the path 
chosen by the students while attempting this task. Students who looked up the definition 
easily visualized the light curves and so ranked the ingress with a clear type I rule. 
Students who carried on without a definition ranked the icons by pattern matching. This 
gave students either the correct answer or the inverse of it. Those that got the inverse, 
quickly realized that they would get the correct answer by reversing their pattern 
matching scheme. Student 7 related (TM5.ST7.8-10):” So it's the exact opposite then.. 
That's the shortest… I don't really understand what's going on right there.” All the 
students moved on after getting the correct answer regardless of whether they understood 
the material.  
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Transit Method Task 6 (TM6) 
Six of the students easily solved this task while the other two found it arduous. 
The latter two figured it out through iteratively trying different assessment rules, or by 
just guessing until they found the patterns that lead to the actual rule. This process 
highlights a unique feature of interactive ranking tasks. It is not possible to solve a 
problem like this without the immediate feedback that this type of interactive computer-
based learning activity allows. The student’s process reminds me of a machine learning 
algorithm.  
 In Table 8.11 I have included protocol TM6.ST8. The student starts with a pattern 
matching technique, ranking the icons in the order of height of the planet transit from the 
bottom of the planet icon and gets one of the icons correctly ranked because that is the 
least inclined. The student then ranks the stars again with the same assessment rule of 
bottom to top, mixes them up and moves the one they know to be first to the correct 
position, and is unsure how to continue. The confused pupil exclaims, “this is awful” as 
they continue to just rest and hit grade, then reset and hit grade. A short time later they 
get another one ranked correctly and then they recognize the true pattern “OK, so the 
farther… the closer the planet is to the center of the star, the more inclined it is and the 
more towards the top or bottom, the less inclined it is.” (TM6.ST8.12-13) So they figured 
it out, as did Student 2 by the same method.  
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Transit Method Task 7 (TM7) 
This task on Kepler’s third law served more as a way to prepare students for TM8 
rather than challenge their understanding. Seven of the students got the answer correct on 
the first try with little verbalization because the task’s simplicity. But this task ended up 
being an essential step of scaffolding for TM8 for some of the students, as it remined 
students of the affect that semi-major axis has on transit frequency.  
 
Transit Method Task 8 (TM8) 
Due to formatting issues, students who took the ranking tasks on their phone or 
tablet were unable to read the Kepler light curves. Students 2, 4, 6 , and 10 could not 
complete the task in any meaningful way because they were unable to distinguish the 
lines. Students 7 and 9 also struggled with the sizing but were able to complete the task. 
This will be addressed in chapter 10 as a high priority for the updates to the ranking tasks.  
 As far as conceptual challenges, Student 1 was confused and went to the 
background information to see what they could learn about reading this type of light 
curve, which led to the correct answer. Student 7 had an unexpected and creative 
assessment rule “I'm guessing that maybe if the planet is farther away from the star there 
will be more light missing from the star (TM8.ST7.4),” but that method does not work. 
Eventually, they settled on the rule that produced the correct answer, but was not 
conceptually correct: “Is it that… just more lines?” (TM8.ST7.7). Students 1, 8 and 9 
built off of TM7 which Student 8 explicitly mentions when setting up their assessment 
rule.  
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Use of Background Materials  
 
Tables 8.12 and 8.13 indicate whether a student used the background information 
for a particular ranking task. An X means that they used the provided background 
information while the comments “notes” or “web” indicates that the student looked for 
background information in their notes or on the internet. The question marks in the final 
row indicate that when I asked the students about the background information after their 
think-aloud protocols they were unaware that they had access to that information during 
the task.  
 
Student HR1 HR2 HR3 HR4 HR5 HR6 HR7 HR8 HR9 HR10  
ST1     notes      ? 
ST2           ? 
ST3 X X      X  X  
ST4         X X  
ST5          X  
ST6 web          ? 
Table 8.12 Student use of background materials in the HR Diagram Tasks 
 
 
Student TM1 TM2 TM3 TM4 TM5 TM6 TM7 TM8  
ST1     X   X  
ST2   X X X X    
ST4     X     
ST6    X X*     
ST7         ? 
ST8         ? 
ST9         ? 
ST10     X X    
Table 8.13 Student use of background materials in the TM tasks 
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Ranking tasks used by students in pre-lecture assignments also have background 
information, so it was unexpected that students would have difficulty locating or 
accessing the background. There was additionally some confusion on the part of Student 
3 because in the HR diagram task there are three different background pages. The 
appropriate page is linked to the button at the lower left-hand corner of each task, and 
after clicking the button it opens the background page in a separate tab. This student had 
two of the same tabs open after having completing HR1 and HR2 so when they wanted to 
look at the background information for HR8 they went to an open tab instead and did not 
find the information they were looking for. Eventually they figured out that they needed 
to press the background button for that task to access the appropriate background 
information.  
To head off any more confusion, a feature was added to the ranking task editor 
that allows the background button to be named descriptively, which I then did for the TM 
tasks so that it was clear that there were several distinct background pages. However, the 
same problem still occurred, and Student 6 was unable to find what they were looking for 
about ingress and transit durations in the background pages about transit depths. So 
naming the background pages did not prevent confusion, but I believe that combining the 
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Transfer Knowledge Questions  
 
During this post-task interview I asked students one additional content question to 
evaluate their ability to transfer knowledge into new situations.  
For the HR diagram transfer question, I asked students to place either Barnard’s 
Star (small and red) or Bellatrix (large and blue ) on the HR diagram. Students had no 
trouble with this task. All six students were able to point at an appropriate place on the 
HR diagram -- in the lower right corner or upper left corner respectively -- with no 
hesitation. 
For the transfer knowledge question after the TM ranking tasks, I asked students 
to define ingress: a term used in TM5 that was unfamiliar to the students prior to 
attempting the ranking tasks. The term in not used by Dr. Kevin Lee in their introductory 
astronomy class. It is, however, a word that is used in other introductory text which 
describes a concept with which they are already familiar. Specifically, I asked them, “Do 
you know what the term ingress means, and can you define it?” Their answers to that 
question are summarized in the Table 8.14, an X in the last column signifies that students 
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Student Ingress Definition   
ST1 “the ingress duration is like the area right here, where it like where the 
planet goes in front of the Star” 
 
ST2 “I think we are looking for time there to time there (pointing at t1 and 
t2)” 
 
ST4 “Just time getting onto the star”  
ST6 “Not at all.” X 
ST7 “No, I don't.” X 
ST8 “I really don’t understand what that word means, but I don't know.. I 
worked around it, I guess. 
X 
ST9 “I guess my assumption was just how much. light is given off or isn't 
given off. yeah no, I guess, the answer is no.” 
X 
ST10 “ingress duration would be the time between here and here or between 
here and here. T1 and t2” 
 
Table 8.14 Student Ingress definitions 
 
 
By comparing Tables 8.13 and 8.14, we see that three of the four students who 
were unable to define ingress also did not access the background information. Only 
Student 6 used the background information during TM5 and was then unable to define 
the term, due to confusion using the background pages. All other students who used the 








DISCUSSION AND CONCLUSIONS 
 
In this chapter I will first discuss the overall experience of using the think-aloud 
method then reproduce each of my research questions and answer them using the results 
of the cognitive interviews. This discussion will be separated in three sections to match 
the three different areas I had research questions in chapter 1 (on pages 3- 4). First, I 
discuss the fit of my cognitive model and how student thinking in ranking tasks compares 
to student thinking with more traditional questions. Then I discuss which ranking tasks 
seemed to work well in helping students construct knowledge. Finally, I discuss the 




My experience was similar to that described by Van Someren, Barnard, and 
Sandberg (1994) students quickly became comfortable narrating their thoughts and the 
initial hesitation or nervousness disappeared within 2 minutes of starting the interview 
process. Van Someren, Barnard, and Sandberg (1994) suggest having students do a task 
as warm-up; using a “practice” or “warm-up” task would have been a good way to avoid 
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including that initial hesitation in the coded protocols then used to evaluate cognitive 
processes.  
This would also have provided an opportunity for me to verify that students 
understood the instructions for thinking-aloud and offer correction if the student was 
analyzing their own problem-solving processes. Many of the students started by trying to 
explain the task to me rather than thinking aloud, which I did not correct as to not 
interrupt their cognitive processes. A small training could have mitigated some of that 
type of narration, and encourages more fluent verbalization. Nonetheless some of the 
protocols are more fluent and more complete than others. There does not appear to be any 
correlation between student fluency in thinking-aloud and their performance on the tasks. 
One student in particular who is an emerging bilingual struggled to express their thoughts 
in a clear way.  
There are several ways to collect a verbal report of a student’s cognitive process, 
as discussed in chapter 4, besides asking them to think-aloud. One of the primary ways to 
do this is through a retrospective interview. In this type of interview you would ask 
students how they had solved the problems or ranked the situations. The main challenge 
with this approach is that it is not very accurate.  
“The physics student may have no conscious idea of how she calculated 
the filled-in formula. Another problem is that subjects may tend to present their 
thought processes as more coherent and intelligent than they originally were….. 
odd and fruitless steps that occurred along the way are less likely to be retrieved 
(Van Someren, Barnard, and Sandberg. 1994 p. 21).” 
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It was not my intention to engage in a retrospective interview. But there were 
two students who had completed all of the tasks in full before the interview, and then 
discussed the tasks with this sort of look back. The imprecision of this was clear when 
asking follow-up post interview questions because it had initially appeared that a student 
had breezed through a task and had clearly understood the relation between radius, 
luminosity and temperature, but it was then revealed that they had attempted the task 
several times before arriving at the correct answer. It also initially appeared that this 
student had not used any of the supporting background information, but upon further 
questioning after the interview they used the background several times and well as 
consulted their class notes.  
 If I were to do this data collection process again, I would be sure not the make the 
actual tasks available beforehand because I do believe that this data is less accurate. I 
would instead make a sample set of tasks that would allow students to have an accurate 
idea of what the project was like. When analyzing this student’s data I made note of the 
nature of the data collection and what I later learned in the follow up questions.  
 Several students used introspection, reflectively stopping between 
problems to recap thoughts they had about their own problem solving, but this was not 
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Cognitive Model for Ranking Tasks 
 
 Question 1.1 How do students think through ranking tasks and how is that process 
comparable to solving more traditional physics and astronomy questions? 
 The cognitive model I used, (Figure 5.1) based on Jansweijer’s model of physics 
problem solving (Figure 4.2), was a good fit for the protocols from student interviews. 
Few statements made by students were not included in this model, and those statements 
could all be classified as meta-cognitive statements or statements that were not related to 
the tasks. However, students regularly omitted many of the steps described in my 
simplified model. Sometimes these omissions can be explained by step simplicity, and 
other times it indicates that a students deviated from the expected problem solving model. 
Additionally steps were often misordered within a single attempt to solve a problem due 
to the nature of ranking tasks. When using comparative reasoning, students jump back 
and forth between the different steps of problem solving so my problem-solving model is 
a poor fit for the order of the step but good fit for the content of them. Students would 
analyze what was given, check two choices against their assessment rule and then repeat 
for each choice pair as they ranked the icons.  
 While my cognitive model worked well to describe student thinking, my 
verbalization model did not. This was apparent in the poor fit of my coding scheme when 
only considering the verbal protocols. For example, in Table 8.4, the student used their 
cursor to point at icons and say vague terms such as “this”, “that”, “here” or “there.” This 
vagueness was not a behavior unique to Student 6. So, I found myself going back through 
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the audio-video recordings trying to decipher the vague statements without imposing my 
own understanding of the ranking tasks. Even with the action protocols, it was difficult to 
determine how students determined their assessment rules, or even what rule they were 
using if they jumped directly into the process of ranking the icons. Verbalization theory 
and the cognitive model together determine the coding theory (see Figure 4.1). The 
cognitive processes that students do or do not verbalize can be tied to how the human 
cognitive system works, a simplified model of which as Figure 9.1. 
 
 
Figure 9.1 Model of human cognition taken directly from Van Someren, Barnard, and 
Sandberg. (1994, p. 20) 
 
This model predicts that people can only verbalize thoughts from their working 
memory where there is active formation of memory or knowledge is verbalized. This 
means that students were better able to vocalize their thoughts as they retrieved their 
models of inclination to solve TM6, than when they pulled Kepler’s third law from their 
long-term memory in TM7 when they did not need to do much more that retrieve the law.  
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This suggests that tasks with minimal verbalization from students are not the tasks 
that are effective in promoting the construction of new knowledge.  
“ New information is constructed from other information in working 
memory. For example, when solving the physics problem, someone may note that 
‘slowly moved piston’ may in general refer to ‘adiabatic process’ and the 
resulting new association between these concepts is stored as a new object in 
working memory.” (Van Someren, Barnard, and Sandberg. 1994, p. 19) 
   
 The Hertzsprung–Russell (HR) diagram set’s first two questions were solved 
computationally by most of the students. The first eight tasks were all connected to the 
idea of the relationship between just three variables and were solved more comparatively. 
In the Transit Method (TM) set of tasks, which only had no numerical values used except 
in TM8, there was an interesting variety of assessment rules applied which was detailed 
in chapter 8. 
 
Good Ranking Task Design 
 
Question 2.1 In what ways can ranking tasks support students’ understanding of 
scientific content within the context of a class? 
 
 The tasks that most effectively helped students construct knowledge and build 
mental models were the ones in which the students had all the necessary knowledge and 
needed to make only one connection. In the Hertzsprung–Russell (HR) diagram the most 
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effective tasks are HR1, HR2 and HR10. However I am hopeful that with the 
improvements to some of HR diagrams discussed later in this chapter, HR5 and HR7 may 
become more effective tasks Within the transit method tasks I think that TM4, TM5 and 
TM6 are the tasks that seem directly to be facilitating students learning about transit 
depth and about inclination.  
These six tasks are appropriately challenging and include sufficient scaffolding 
such that students could work out the rankings with effort. Of all the tasks, TM 6 was the 
best at forcing students to confront misunderstandings, because it was not possible to 
simply use pattern matching algorithm to rank the task.  
 
Randomization and Multiple Attempts 
 
Question 2.2 How do students utilize scaffolding such as background information 
pages, re-asking the same question with different icons, and the use of multiple 
representations? 
 
 Use of background materials is detailed on pages 147- 148 in Tables 8.12 and 
8.13. As noted in chapter 8 there was confusion among students about the use of multiple 
background pages and students who were unaware of the presence of the background 
pages. Overall, students who were aware of the background information and did not 
understand a term or believed that they have never learned the information, did go to the 
background information and find it helpful in developing their assessment rule.  
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 The ability that students have to receive feedback and reattempt a ranking with 
new randomized variables is a definitive strength of this type of formative assessment. 
 Students usually attempted a problem repeatedly until they had a correct ranking. 
However, Student 3 believed they had figured out HR2 and HR5 yet failed to get the 
correct result after multiple attempts, so they grew frustrated and did not complete the 
tasks. That frustration even bled into the other questions. Additionally Student 2 gave up 
on TM4 after four attempts.  
 In general, students like that the icons reset for each new attempt. Student 8 
stated: “I like that it has randomization, because I feel like I learned more from that 
because, if it was the same I probably would have just like remembered what the answer 
was from before. And it's helped me like actually understand the concept that was trying 
to teach me.” The only student who was unhappy about the randomization was Student 3 
who felt like it makes the ranking process harder: “I don't like [that] it randomized 
because, then I feel like I lose my train of thought.” 
 
Ranking Task Set Improvements 
Question 3.1 What improvements would make these ranking task sets more 
effective?  
 
 There were a few graphics that were either difficult to evaluate without more 
information such as the simple HR diagram or graphics that were very difficult for 
students to read when viewed on a phone or tablet such as the Kepler light curves.  
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All of the original icons and question graphics were made by me in either Microsoft 
Word, Microsoft Excel, Mathematica or using Python based on what tool I thought best 
suited for the graphic and my knowledge of those tools. For these redesigned icons and 
question graphics I had the benefit of the experience of the UNL Astronomy Research 
Group artist, Misty Cao who was able to take my mock-ups and spec sheets to create a 
suite of new graphics. Sets with new graphics are now published to https://astro.unl.edu 
for use by astronomy educators, I imagine that some of my other graphics will also be 
updated and replaced in the future. 
 
Hertzsprung–Russell Diagram Ranking Task Improvements  
The simplified HR diagram has been updated to include isoradial lines and a 
logarithmic scaling of both axes (see Figure 9.1). This should help students to rank radius 
in HR5 and make the isoradial lines straight (see Figure 8.7). Students who understood 
the relationship of radius to both luminosity and temperature in HR 2 were unable to rank 
it, due to difficulty imagining the position of isoradial lines. Using the logarithmic y-axis 
and the rearranged Stephan-Boltzmann equation, R = B ,
-!
  , it is difficult for students to 
visualize the slope of isoradial lines, which are not oriented at a 45° degree angle as 
pictured in Figure 6.3. And this is more computationally intensive than this question 
intended so I have decided to include the isoradial lines. The plot was also simplified to a 
black and white design for easier readability on smart phones and tablets. This easier to 
interpret diagram was created by UNL Astronomy Research Group artist based on mock-
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ups that I created in Mathematica. Figure 9.2 still contains just four data points that are 
described by Table 6.3.  
 
Figure 9.2 New and improved simple HR diagram for HR diagram tasks 3-5 
 
 The stellar HR diagram was also clarified by adding isoradial lines and a more 
careful selection of stars. While the isoradial lines are not strictly necessary as the line of 
main sequence stars can be used as a reference to estimate the slope of isoradial lines; 
that comparison is often outside of the scope of an introductory astronomy class. Two of 
the students really struggled with HR8 due to the difficulty differentiating between the 
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radii of stars on the main sequence. Which indicates to me that in these students’ mental 
models isoradial lines are parallel to the main sequence. A search of the literature does 
not suggest that this is a common misconception. Their instructor may have given them 
that impression by saying the size of main sequence stars does not vary much: “the 
biggest stars are 10 times the size of the sun, the smallest stars are 1/10 the size of the 
sun, and most stars in between are about the same size. In addition to isoradial lines 
Figure 9.3 includes more stars than I have previously had labeled in Figure 6.5 and I 
utilize binning to avoid ambiguity in ranking. 
 
Figure 9.3 New and improved Stellar HR Diagram  
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In HR7, students struggled to rank stars that had temperatures too similar for a 
conceptual ranking task. This is fixed by more careful binning and selection of stars. For 
each attempt, the program selects four random stars to be compared. The binning 
prevents stars with similar characteristics from appearing in the same attempt. For 
example, Spica and Sirius B have too similar of temperature for a ranking task on 
temperature, so they are binned in a way that prevents them from appearing in the same 
question; for the luminosity task (HR6), Rigel and Betelgeuse are binned together and for 
the radius task (HR8), Spica and Achernar are binned together. The characteristics of the 
stars in Figure 9.3 are included in Table 9.1. In this table I am not including the icons; the 
icons are of the same style as those used previously and described in Table 6.5.  
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Star  Temperature (K) Luminosity 
(𝐿☉) 
Radius (𝑅☉) Mass (𝑀☉) 
Sun 5772 1 1 1 
Betelgeuse 3600 86500 764 17.8 
Sirius 9940 25.3 1.711 2.07 
Achernar 19000 3000 4.8 6.7 
Spica 25000 16000 6.5 11.4 
Barnard’s Star 2800 .0003 .24 0.144 
Capella 5100 80 12 2.57 
Arcturus 4400 215 25.4 1.08 
Rigel  12000 110000 75 21 
Sirius B 25000 0.027 0.008675 1.02 
Table 9.1 Stellar Data corresponding to Figure 9.3  
 
While there were no problems with the main sequence HR diagram previous used 
in tasks HR9 and HR10. I have updated it as well for the sake of uniformity. It is included 
below as Figure 9.4. All of the stars included in Figure 9.4 are also included in Figure 
9.3, the figure has just been modified to only include main sequence stars and allow 
students to consider mass-luminosity relationship of the main sequence stars. Students 
may not understand that the mass-luminosity relation they are using only relates to main 
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sequence remains, but it is beyond the scope of this ranking task set for students to 
evaluate the mass of non-main sequence stars.  
 
Figure 9.4 New Main Sequence HR Diagram  
 
One final change made in the main sequence tasks was that I made the text on the 
icons larger in HR1 – HR 5 to make the icons easier to read and the tasks more accessible 
to students.  
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Transit Method Ranking Task Improvements  
The Kepler data light curve ranking task only worked for students who completed 
the tasks on their personal computer. For students working on a smart phone or a tablet, 
the light curves were too small for students to estimate the period of the light curves. I 
anticipated that this could be a problem and tried to mitigate that by only using 3 icons. In 
the worksheet version of this problem, the light curves are stacked horizontally, but this is 
not currently an option in the ranking task editor. Instead the data is truncated to only 
include the first 20 days, so that the graphs are more readable of small screens. Table 9.2 
contains all the new light curves. The data from the light curves in unchanged and can be 

















Table 9.2 New Kepler light curves 
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Final Remarks 
 
If I were to redo the process of collecting and analyzing this data, I would make 
four significant changes to the method used. First, I would have done an initial data 
collection and refinement of all the tasks before doing the official interviews. This 
improved the TM tasks and would have prevented some of the simple design problems 
HR task. Second, I would have provided a different set of ranking tasks for them to try 
before they decided if they want to participate in the tasks. This would insure that all the 
interviews would be genuine think aloud protocol instead of a retrospective description of 
how they thought. Third, I would start the interviews with a practice or warm-up task to 
encourage more fluent verbalization, Van Someren, Barnard, and Sandberg (1994) 
suggest having students do a task as warm-up and if the subject offers interpretations and 
starts analyzing their own problem-solving processes to correct the student explain again 
what it meant by thinking aloud. Many of the students started by trying to explain the 
task to me rather than thinking aloud, so a small training could have mitigated some of 
that type of narration. And finally, I would hire an independent transcriber to make a 
more accurate transcription which would be freer from my own interpretations of student 
work and two independent coders who, again would not be as prone to project their own 
ideas about how students approach problems while coding.  
 Regardless of any hiccups, this was really a neat process: listening to students 
constructing knowledge using an assessment that I had developed was very rewarding. At 
times, it was difficult not to nudge a struggling student in the right direction, but the 
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reward of being privy to a portion of the student’s cognitive processes was worth it. I also 
enjoyed the process of going through student protocols and looking for the different rule 
types as defined by Siegler. All the many different ways of approaching a problem could 
usually be generalized to less than three different approaches. 
 The most up to date versions of the interactive online ranking tasks now up on the 
https://astro.unl.edu web site, and worksheet versions of the tasks are included in 
Appendix D. I intend for these tasks to be flexible and continually refined so I welcome 
suggestions and can help customize the ranking tasks to suite different needs.  
 The creation of researched interactive pedagogical tools in astronomy is a main 
focus of the UNL Astronomy Group, and I hope that these tasks will join the resources 
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APPENDIX A 
AN OVERVIEW OF INTERACTIVE ASTRONOMY TOOLS 
 
Introductory astronomy at the college level is usually taught in a large lecture 
setting. The astronomy education community has been a pushing to develop research-
based curriculum materials that can be used in this lecture format to facilitate active 
learning. Prince (2013) and Wieman (2017) suggest that the transitioning to active 
learning start with small in-lecture activities. When instructors see success, they can work 
with their departments and universities to facilitate group work, labs and other types of 
active learning.  
While there is no standardized introductory astronomy curriculum, Mintzes 
(2006) surveyed 42 astronomy teachers at an AAPT conference and concluded that the 5 
most commonly covered topics taught in astronomy classes taught are (1) the 
electromagnetic spectrum, (2) the Hertzsprung–Russell (HR) diagram, (3) Newton’s law 
of gravitation, (4) distances, and (5) spectra. Mintzes also surveyed course syllabi and the 
table of contexts for introductory astronomy textbooks suggests that the 5 most covered 
topics in astronomy classes are (1) the electromagnetic spectrum, (2) spectra, (3) 
cosmology and the big bang, (4) tools and telescopes, and (5) the solar system. The 
ranking tasks of this thesis, therefore, would complement the curriculum already in in 
place in most introductory astronomy classes.  
The included ranking tasks were not designed in isolation, nor are they redundant 
addition to previous resources. Below is a selection of IE teaching materials designed for 
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introductory astronomy that influenced this and other work by the Astronomy Education 
Group at UNL. 
 
Zeilik: Interactive Lesson Guide for Astronomy  
 
 In 1998, Zeilik published a book called “Interactive Lesson Guide for 
Astronomy” in the which he champions the use of collaborative learning groups for 30 to 
45 minute activities to be used in the lecture setting. He recommends that groups be 3 to 
5 students who are each assigned a specific role within the group, and that groups are 
heterogenous in regard to student achievement in the class. 
The second edition of that text features 32 of these “Focused Discussions.” These 
activities largely centered around graphically presented data and stepping students 
through the interpretation of data. (Zeilik, 2001) Each of the activities that I reviewed 
from the book had its own flavor. Let me describe such an example focused discussion 
activity and its idiosyncrasies.  
In the Solar System Models focused discussion, students are given two blank 
“god’s eye” views of the solar system, one geocentric and the other heliocentric, on 
which to place the planets. They are then asked to determine the angular position of the 
planets; and to label the planet paths before reflecting and comparing the two models for 
simplicity. This is a sufficiently open-ended task that in theory student misconceptions 
would be drawn out. The questions also target misconceptions. For example, in the initial 
instructions they are told to “mark the earth at the center with a large dot” and then in the 
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second question they are told to “place the earth on the correct path.” This is supposed to 
illustrate some of the challenges of fitting to the geocentric model suggests the 
superiority of the fit of the heliocentric model.  
Specific set-up instructions at the top of the page scaffold the activity and the 
questions vary between requiring one specific answer to allowing an open ended 
responses about how well the models work. This is certainty designed within the 
framework of social constructivism and is an example of active learning that helps 
students with the construction of a mental model of the solar system.  
 
Adams and Slater: Mysteries of the Sky  
 
Adams and Slater (2002) built on Zeilik’s work but focused more on social 
interaction through the use of very open-ended questions. One notable task has student 
develop their own way of classifying galaxies, while another asks student how they 
would spend $6000 on telescope equipment for the outreach program of a community 
museum. These tasks require students to be creative and to also justify and rationalize the 
choice they make.  
These tasks are designed to be at the very top levels of Bloom’s taxonomy; 
students are synthesizing what they have learned about a certain topic, to create a solution 
to a problem or answer a question that does not have one right answer.  
Adams and Slater completely forgo all algebraic manipulations in favor of 
mathematical reasoning. These activities coordinate with their textbook “Mysteries of the 
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Sky” and are available in a workbook called “Mysteries of the Sky: Activities for 
Collaborative Groups.” Their recommendation for the use of groups is to allow students 
to form their own groups and to forgo the assigning of roles as it is challenging to 
orchestrate that type of group work within a lecture-hall whose seats are not optimally 
arranged for group work. (Adams and Slater, 2002).  
 
Adams, Prather and Slater: Lecture Tutorials  
 
The current gold standard for learner-centered activities in modern astronomy 
education is the “Lecture-tutorials” developed by Adams, Prather, & Slater in 2002. 
These tutorials are designed to be done by pairs of students and focus on reasoning.  
There are several types of questions used in Lecture tutorials: reading a graph or 
table; interpreting a diagram; a simple computation; filling in the blank; labeling a 
diagram or picture; ranking situations; or evaluating simulated student dialogue laced 
with common misconceptions. The questions build upon themselves and scaffold the 
more challenging questions found at the end of each tutorial. Additionally, many of the 
questions ask students to explain their reasoning.  
The use of simulated student dialogue and Socratic dialogue-driven questions are 
designed to help students face their misconceptions sets this resource apart, as does its 
flexibility as a resource. (Prather et al., 2013) 
 I have seen these tutorials implemented in class, as homework assignments, as 
whole class exercises, and as directed in the text. While the students were not very good 
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at explaining their reasoning, and they struggled with the simulated student dialogue, this 
is a wonderful resource to get the students examining their schema in the light of new 
information. 
 
Development of Interactive Teaching Materials at UNL 
 
 The UNL Astronomy Education Group has been engaged in the development of 
pedagogical tools for active learning environments in astronomy for several years. All of 
the educational resources that have been developed are available on the 
https://astro.unl.edu site free of charge and are widely used.  
 
ClassAction 
 The ClassAction (Lee et al., 2006) project is a dynamic package of think-pair-
share type questions that are supported with simulations, animations, and diagrams that 
illustrate concepts across introductory astronomy. These promote students to actively 
participate in class by answering questions, rather than simply passively listening to a 
lecture. The engaging visuals, rapid feedback mechanics and sheer number of questions 
make this a useful tool for educators and an engaging environment for students. 
These can be used by teachers with clickers or with color cards for immediate 
feedback in the classroom setting. With the exception of the discussion questions these 
are all multiple-choice questions with 5 or fewer answer options which is ideal for use in 
the lecture format. Instructors can use the think-pair-share methodology, which is what 
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Lee recommends with these in-class questions or these can also be used by students more 
individually. This is a very versatile bank of questions with all of the background, visuals 
and scaffolding resources conveniently provided.  
 This project is also available as a downloadable app at https://astro.unl.edu. There 
are 21 modules that are loaded with questions that are further characterized as warm-up 
questions, general questions, challenge questions or discussion questions. Many of the 
questions also have the ability to be cast in alternate permutation so you can ask multiple 
versions of the same conceptual question.  
   
Astronomy Demonstration Video Project  
 The Astronomy Demonstration Video project (ADV) has four core elements to it: 
first, it includes video of a well performed demonstration or demonstrations. These 
demos are presented in a way to minimize distractions and features of the demo clearly 
visible. Helping students separate the phenomena you want them to observe from the 
noise and choosing demonstrations involve a clearly observable event can help minimize 
some of the confusion students feel when watching demonstrations. (Roth et al. 1997) 
(Miller et al. 2013) 
 The second feature of the project is that all the demonstration videos have an 
embedded interactive multiple-choice question. Many of these questions ask students to 
predict what the outcome of demonstration will be. Usually, the question is timed such 
that the demonstration is all set up and the outcome you want students is about to occur. 
The video then pauses and asks students to record their answer and their reasoning on a 
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piece of paper. In a class this would be an appropriate time to use clickers, color cards or 
a think-pair-share methodology. The demonstration then occurs, and students are able to 
see what the correct outcome is. Crouch (2013) has presented evidence that passively 
watching demonstrations does not promote student learning and asking students to make 
a prediction is a small time investment that allows demonstrations to be effective. 
The third element of the ADV project is that concepts are properly scaffolded 
such that students are better able to observe the demonstration; students who understand 
the underlying concepts before observing the demonstration are more likely to observe it 
and remember it correctly. After the demonstration there is also scaffolding that tells 
students what they were supposed to have observed and explains the physical principle 
behind the observed phenomena.  
Lastly, most of the ADV have worksheets that are designed to go with them, we 
recommend that teachers use these worksheets as an activity after the video to reinforce 
concepts illustrated by the demonstration. Many of the worksheets include an advanced 
section that teachers can use to use or omit based on the content of their individual 
course.  
 The videos and the accompanying worksheets can be found online at 
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The Nebraska Astronomy Applet Project (NAAP) 
The most ambitious UNL based astronomy resource has been the development of 
the NAAP lab suite (Lee, 2019). This includes 16 labs, each of these is accompanied by a 
student guide which facilitates student exploration using the virtual lab, and prompts 
them to answer questions, plot data, fill in tables and otherwise perform a lab and analyze 
the data they collect.  
This set of virtual labs has been used to great success other educational research 
teams report that they work as well or better than traditional labs. The extrasolar planet 
lab has been studied against traditional methods (Miller and Grau, 2018) and the lunar 
phase simulator is studied and then compared against VR labs and found to have similar 
educational outcomes. (Welsh et. Al. 2020)  
When implementing a course which used NAAP labs as well as Virtual 
Astronomy Laboratory- Computer-Based Labs for Introductory Astronomy (Littlewood 
2004) at Montana State University Whitmer (2012) highlighted some of the benefits of 
using NAAP labs to make the transition from a traditional lecture course to a course that 
used simulators for labs. Whitmer mentions that project labs covers a wide range of 
astronomy topics and student lab guides are available in Microsoft Word format so they 
are easily editable to match an instructor’s goals. While there was not a dramatic 
normalized gain (5%) measured using the ADT (astronomy diagnostic test), student 
perception about the class and student perceptions about their own understanding did 
have significant gains. The researcher believes that in subsequent semesters there will be 
better learning gains but that some of the hiccups associated with adaption of new 
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pedagogies. Research on educational change indicates that there is often an 
implementation dip that occurs as an instructor learns new curriculum but has yet to 
master the curriculum or pedagogical strategies (Busick & Inos 1992). This is also 
supported by the fact students benefited more from the labs as the semester progressed 
and students gained familiarity and comfort with the process of performing virtual labs.  
This project is available as a downloadable native app for Windows and 
Macintosh computers at https://astro.unl.edu. 
  
   184 
APPENDIX B 
INTERNAL REVIEW BOARD DOCUMENTS 
 
This project was approved by UNL’s Institutional Review Board (IRB) on March 
12th 2021. As a part of the IRB process I provided a student consent form, and the 
approval letter. This form is approved for all members of Dr. Lee’s Astronomy 103 at 
UNL during the Spring 2021 semester. This includes students who, under Nebraska law, 
are minors. These minors are additionally granted special permission to sign on their own 
behalf. This form is reproduced in whole on the subsequent 3 pages. 
Note that the study title on the form is slightly changed from the title of this 
thesis. 
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UNL STUDENT INFORMED CONSENT FORM 
 
1. IRB Project ID#: 20947  
  
Study Title: The Design, Creation, and Evaluation of Learning for Ranking Tasks in 
Introductory Astronomy 
 
2. Authorized Study Personnel 
 
Principal Investigator: Emily Welch, Graduate Student  Cell: (801) 372-4191 
Secondary Investigator: Kevin Lee, Ph.D.   Office: (402) 472-3686 
 
3. Key Information: 
Research participants in this study are all students taking Astronomy 103 at UNL. If you choose to 
participate you will be asked to look over a set of online interactive ranking tasks about HR 
diagrams or ESP transits, and then to participate in a one-on-one Zoom meeting with the PI, Emily 
Welch. The Zoom meeting will take between 20-50 minutes and you will be asked to perform the 
ranking tasks while vocalizing your thought process. After the ranking tasks your interviewer may 
have a few follow up questions to clarify what you have vocalized. 
 
There are/are no risks associated with this study. Participation in this study is an option for the 
experiential project assignment in Astronomy 103. If you do not want to participate in the research 
you can choose a different option for your experiential project. Your participation is voluntary and 
you can decide not to participate at any time.  
 
Your data collected from this study will shared as described below and you will be provided a copy 
of this consent form. 
 
4. Invitation: 
You are invited to take part in this research study. The information in this form is meant to help 
you decide whether or not to participate. If you have any questions, please ask. 
 
5. Why are you being asked to be in this research study? 
You are being asked to be in this study because you are a student in an introductory level 
astronomy class at UNL.  
 
6. What is the reason for doing this research study?  
This project will investigate how students use interactive ranking tasks. There is a body of 
research that suggests that traditional lecture and demonstration based teaching is ineffective. 
Correspondingly within the astronomy education community there has been a push to develop 
research-based curriculum materials that are interactive and can be used by students in large 
lecture classes. Interactive ranking tasks are commonly used in physics instruction and have been 
shown to be effective. This research is part of the process of developing effective astronomy 
ranking tasks, by helping educators understand how students think through tasks. 
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7. What will be done during this research study?  
You will be asked to perform 8 or 10 ranking tasks and narrate your thought process while in a 
Zoom meeting with the PI. You may then be asked a few follow up questions. This Zoom 
meeting will take between 20 and 50 minutes and will be done on your personal device. The 
transcripts of these meetings will then be analyzed. 
 
8. What are the possible risks of being in this research study?  
There are no known risks associated with this research, and no anticipated discomfort associated 
with the “Think Aloud” interview experience. 
 
9. What are the possible benefits to you?  
Students will benefit by learning more about HR diagrams or ESP transits. 
 
10. What are the possible benefits to other people? 
The benefits to science and/or society may include better understanding of how ranking tasks may 
be used as teaching tools.  
 
11. What are the alternatives to being in this research study?  
Three experiential projects are required for all of the students in Astronomy 103, students are 
encouraged to choose from the list of options based on their own personal interests. Instead of 
being in this research study you can choose a different experiential project.  
 
12. What will being in this research study cost you?  
There is no cost to you to be in this research study. 
 
13. Will you be compensated for being in this research study?  
We will not pay you to take part in this study or pay for any out of pocket expenses related to 
your participation.  
 
14. What should you do if you have a problem during this research study? 
Your welfare is the major concern of every member of the research team. If you have a problem 
as a direct result of being in this study, you should immediately contact one of the people listed at 
the beginning of this consent form.  
 
15. How will information about you be protected?  
Reasonable steps will be taken to protect your privacy and the confidentiality of your study data; 
however, in some circumstances we cannot guarantee absolute privacy and/or confidentality. 
 
This study will involve the collection of private information including your name and that you are 
enrolled in Astronomy 103 this semester. Additionally your Zoom interview with the PI will be 
recorded and then transcribed. Your information could be used or distributed to another 
researcher for future research studies without an additional informed consent from you. 
Identifiers (name, dates, etc.) will be removed prior to being distributed.  
 
The research records will be securely stored electronically through University approved methods 
and will only be seen by the research team and/or those authorized to view, access, or use the 
records during and after the study  
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Those who will have access to your research records are the study personnel, the Institutional 
Review Board (IRB), and any other person, agency, or sponsor as required by law or contract or 
institutional responsibility. The information from this study may be published in scientific 
journals or presented at scientific meetings and may be reported individually or as group or 
summarized data but your identity will be kept strictly confidential. 
 
16. What are your rights as a research subject 
You may ask any questions concerning this research and have those questions answered before 
agreeing to participate in or during the study. 
 
For study related questions, please contact the investigator(s) listed at the beginning of this form. 
 
For questions concerning your right or complaints about the research contact the Institutional 
Review Board (IRB)” 
 
 Phone: 1(401) 472-6965 
 Email: irb@unl.edu 
 
17. What will happen if you decide not to be in this research study or decide to stop 
participating once you start?  
You can decide not to be in this research study, or you can stop being in this research study 
(“withdraw’) at any time before, during, or after the research begins for any reason. Deciding not 
to be in this research study or deciding to withdraw will not affect you relationship with the 
investigator, your professor or with the University of Nebraska-Lincoln. 
 
You will not lose any benefits to which you are entitled. 
 
18. Documentation of informed consent 
You are voluntarily making a decision whether or not to be in this research study. Signing this 
form means that (1) you have read and understood this consent form, (2) you have had the 
consent form explained to you, (3) you have had your questions answered and (4) you have 
decided to be in the research study.  
 









 ______________________________________   _______________ 
         Signature of Research Participant             Date 
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APPENDIX C 
RADIAL VELOCITY METHOD BACKGORUND 
 
 The radial velocity method or Doppler spectroscopy method looks at stellar 
spectra, and how different absorption lines move with respect to time. By observing a 
spectral line, like the 𝐻E line, we can then see when the star is blue-shifted , moving 
towards us, or red-shifted moving away from us by the position of that spectral line. We 
can also determine the periodicity of that shifting. This “stellar wobble” is caused by the 
presence of a planet which causes the star to orbit about a center of mass point that is not 
at its center of mass. The amount by which the spectral line shifts is proportional to the 
relative radial velocity with which a star is moving towards or away from the observer, 
this is called the redshift (z).  








The non-relativistic red-shift equation is given in equation 8.2. The relativistic 
redshift is given by equation 8.4. Where 𝛾 is the relativistic factor 𝛾 = *
F*!G	$	%H
" .  
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The redshift is then used to compute the relative radial velocity, this is as the line-
of-sight component of the stellar velocity vector measured by the Doppler shift of the 
spectral lines, as shown in equation 8.5. This is a first order computation assumes purely 
radial motion, and we ignore any eccentricity of the orbit. (Lindergren and Dravins, 
2003)  
𝑣' = 𝑐𝑧 (C.5) 
From the radial velocities we then obtain the radial velocity semi-amplitude K 
(also called the observed Doppler velocity) is given by equation 8.6 and related to the 
velocity of the star in equation 8.7. The inclination of the exo-planet star system to the 
observer is i. This method does not work for face-on systems which have an inclination 





𝐾 = 𝑣#97' sin 𝑖 (C.7) 
Now using K, we can solve for the minimum mass of the planet, 𝑚$678&9 sin 𝑖, as well as 
the planet’s separation from the star and its period.  
Starting with momentum (8.8) we can then use equation (8.7) to say (8.9) 




sin 𝑖 (C.9) 












Using Kepler’s third law to replace r in terms of the observed periodicity of the star: 𝑟0 =
L	I&'()
)	<"






𝑚$678&9 sin 𝑖 
(C.11) 
Equation (8.11) matches equation 14.1 in Lissauer and De Pater’s “Fundamental 
Planetary Science” with the simplifications I introduced. (Lissauer and De Pater, 2013) 
With eccentricity, e, we have the “radial velocity method equation” which you can look 











To calculate the mass of the planet it is necessary to have the orbital inclination 
and the stellar mass. Stellar mass can be obtained from luminosity or spectral 
characteristics so even without an inclination this data allows for the computation of a 
minimum mass of the planet, its orbital period and the distance of the planet from the 
star. (Ostlie and Carroll, 2007)  
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APPENDIX D 
FINAL VERSIONS OF RANKING TASK SETS 
 
The primary goal of this project is to produce two pedagogically efficient sets of 
ranking tasks for use in introductory astronomy courses. These are now tasks are 
available online at https://astro.unl.edu as interactive tasks, and they are also included 
here as worksheets. When presented as worksheets students approach the tasks differently 
because they do not receive immediate feedback and do not have the ability to reattempt 
the problem with new icons after having reviewed the feedback. Because the worksheets 
do not contain any access to background pages, there is also some additional information 
in the questions that is often accessed by students using the interactive tasks.  
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HR #3 - Simple HR Diagram: Consider the Hertzsprung-Russell (HR) diagram below, 













Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
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HR #4 - Simple HR Diagram: Consider the Hertzsprung-Russell (HR) diagram below, 














Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
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HR #5 - Simple HR Diagram: Consider the Hertzsprung-Russell (HR) diagram below, 














Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
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HR #6 - Real Data - HR Diagram: Consider the Hertzsprung-Russell (HR) diagram 
below, rank the luminosity of the stars numerically (1, 2, …) from lowest to highest. 
!
!









Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
Sirius Betelgeuse Barnard’s Star Sun 
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HR #7 - Real Data - HR Diagram: Consider the Hertzsprung-Russell (HR) diagram 
below, rank the temperature of the stars numerically (1, 2, …) from lowest to highest. 
!
!








Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
Sun Sirius B Barnard’s Star Rigel 
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HR #8 - Real Data - HR Diagram: Consider the Hertzsprung-Russell (HR) diagram 
below, rank the radius of the stars numerically (1, 2, …) from lowest to highest. 
!








Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
Arcturus Sun Sirius B Sirius 
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HR #9 - Real Data – Main Sequence HR Diagram: Consider the Hertzsprung-Russell 
(HR) diagram below, rank the mass of the main sequence stars numerically (1, 2, …) 
from lowest to highest. 
!








Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
Barnard’s 
Star Sun Spica Sirius 
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HR #10 - Real Data – Main Sequence HR Diagram: Consider the Hertzsprung-Russell 
(HR) diagram below, rank the main sequence lifetime of the stars numerically (1, 2, …) 
from shortest to highest. 
!








Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)   
Achernar Barnard’s Star Sun Spica 
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TM #8 – Real Data -Transit Frequency: Rank the distance between the planet and the 













Indicate your confidence in your ranking:  
1 (least) 2 3 4 5 (most)  
